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Project Participants
Senior Personnel
Name: Solouki, Touradj
Worked for more than 160 Hours: Yes
Contribution to Project: 
Name: Touradj Solouki
Role: The Principle Investigator (PI) was involved in all educational/training and research aspects of the NSF project.
Effort: 100% for the duration of the NSF project
Work Done: Supervised/mentored/trained graduate and undergraduate students, a postdoctoral researcher, and a technician. The PI
directed all research activities and was closely involved in designing the cryofocuser and interfacing it to the Gas Chromatograph
Fourier Transform Ion Cyclotron Resonance Mass Spectrometer (GC/FT-ICR MS). The PI was also involved in method
development, data collection, data analysis, computer programming, and manuscript preparation. The PI attended various
professional conferences {e.g., American Chemical Society (228th ACS national meeting), American Society for Mass
Spectrometry (51st and 52nd ASMS conferences), and the 4th North American FTMS meeting} to disseminate knowledge and
exchange scientific ideas with peers from closely related and diverse disciplines. As an invited speaker, Professor Solouki
presented results from the NSF funded activities at several research and educational institutions {e.g., Boston University School of
Medicine (Boston, MA), Bowdoin College (Brunswick, ME), Case Western Reserve University, Institute of Pathology (Cleveland,
OH), University of Maine, Department of Chemical Engineering (Orono, ME), University of Massachusetts Amherst (Amherst,
MA)}.
Post-doc
Name: Szulejko, Jan
Worked for more than 160 Hours: Yes
Contribution to Project: 
Name: Jan E. Szulejko
Role: Postdoctoral research associate
Effort: 100% for the duration of the project
Work Done: Dr. Szulejko was involved in various aspects of educational and research activities. His responsibilities included the
design and installation of the cryofocuser, data collection, and data analysis. Dr. Szulejko also contributed to student training on
the operation of the instrument and data analysis. He also assisted the PI in manuscript preparation and presented research results at
the American Society for Mass Spectrometry (ASMS) conferences. Dr. Szulejko was also responsible for the daily operation of the
Gas Chromatograph Fourier Transform Ion Cyclotron Resonance Mass Spectrometer.
Graduate Student
Name: Luo, Zhaohui
Worked for more than 160 Hours: Yes
Contribution to Project: 
Name: Zhaohui Luo
Role: Graduate Student - Teaching/Research Assistant
Effort: 20% for the duration of the NSF project ûZhaohui was supported by the University of Maine and through a teaching
assistantship scholarship.
Work Done: Zhaohui was involved in developing GC/FT-ICR MS analysis methods for studying complex sample mixtures such as
petroleum products and human exhaled breath. He also used GC/FT-ICR MS to detect chlorinated disinfection byproducts in
drinking water. His research projects can be divided into two main categories. The first category involves the use of GC/FT-ICR
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MS ultrahigh mass-resolving power and ultrahigh mass measurement accuracy (MMA) coupled with the MIST capabilities to
identify unique bio- and geo-markers. The second category involves the use of multidimensional GC/FT-ICR MS. Conventional
GC/MS provides data in two dimensions; namely, the analytes' GC retention times (RT) and their molecular masses. Research
activities supported by the NSF enabled us to improve analytical resolution in the molecular mass dimension as well as to
introduce other analysis dimensions such as ionization energy, proton affinity, and various thermochemical characteristics. For
example, in the heterodyne mode of FT-ICR MS, we have been able to acquire the highest mass resolving GC/MS; this data has
been presented at a national meeting and a manuscript has been prepared for submission to the journal of Analytical Chemistry.
Moreover, Zhaohui has been able to use proton affinities to distinguish closely related organic isomers that were present in
gasoline samples. These efforts are significant analytical improvements and will provide us the analytical capabilities necessary to
characterize and/or fingerprint complex biological and geochemical sample mixtures.
Name: Graham, LeRae
Worked for more than 160 Hours: Yes
Contribution to Project: 
Name: LeRae B. Graham
Role: Graduate Student - Teaching/Research Assistant
Effort: 10% for the duration of the NSF project û LeRae's stipend was provided by the University Graduate Research Assistantship
(UGRA).
Work Done: The main focus of LeRae's project is on using gas-phase H/D exchange chemical reactions and electrospray FT-ICR
mass spectrometry for conformational analysis of biomolecules. In support of the NSF related projects, a minor component of
LeRae's research focused on developing electron impact (EI) mass spectral techniques to differentiate organic isomers. LeRae has
coauthored refereed poster presentations as well as a journal article that acknowledge the financial support from NSF.
Name: Silwal, Indira
Worked for more than 160 Hours: Yes
Contribution to Project: 
Name: Indira Silwal
Role: Graduate Student - Teaching/Research Assistant
Effort: <5% for the duration of the NSF project - Indira is supported by the university and through teaching assistantship
scholarship.
Work Done: Indira is starting her second year of graduate work in our group. She is using the GC/FT-ICR MS to investigate types
and sources of the disinfection byproducts in treated drinking water. Her project involves the use of GC/FT-ICR, MIST, and
solvent extraction methods to identify disinfection byproducts from treated drinking water and natural water sources at the
molecular level. Her research is designed to answer two fundamental questions: 1) are disinfection byproducts present in natural
waters such as lakes and rivers? 2) can we improve/modify the current water treatment techniques to reduce the number and
concentrations of the disinfection byproducts present in our drinking water? To answer questions one and two, we are collaborating
with the researchers at the Maine Water Resources Research Institute.
Undergraduate Student
Name: Bennett, Justin
Worked for more than 160 Hours: Yes
Contribution to Project: 
Name: Justin B. Bennett
Role: Undergraduate Research Assistant
Effort: 20% for Fall 2002 and Spring 2003 semesters - Funding for Justin's support was procured from the Work Merit program at
the University of Maine.
Work Done: Successfully designed and installed a high-magnetic field compatible heating jacket for the ultra high vacuum (UHV)
chamber and acquired data from the newly constructed preconcentrator GC cryofocuser FT-ICR MS. Justin learned how to use
modern mathematical programming tools and chemical kinetics to decipher intrinsic properties of closely related isomers in their
ground and vibrationally excited states. With travel and registration funds from the Honors College at the University of Maine and
the NSF-National High Magnetic Field Laboratory (NHMFL), Justin was able to present his research findings at the 4th North
American FT-ICR Conference. This conference was held at Berkeley's Marconi Conference Center during April 3-6th, 2003.
Justin was among the undergraduate students presenting at this very important academic and highly educational meeting and the
title of his poster presentation was 'Differentiation of Selected Terpene Isomers Based on Metastable Decay and Ion-molecule
Reactions'. Justin is a coauthor of an ASMS poster presentation and a journal article (J. Am. Soc. Mass Spectrom. 2004, 15,
1191-1200). For his NSF supported research work on GC/FT-ICR MS, Justin was selected as the Outstanding Graduating Student
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in the College of Liberal Arts and Sciences at the University of Maine in Orono (May 2003). The title of Justin's thesis was
'Improvements to PC/GC/FT-ICR Mass Spectrometry Performance'. Justin has accepted an offer from his top choice for the
medical school and is currently attending the Dartmouth Medical School in Hanover, NH.

Funds from the NSF were used to purchase cryogens (liquid Helium and liquid Nitrogen) for the superconducting magnet and
other necessary chemical reagents that are required for successful operation and maintenance of our FT-ICR MS system. The
following students were not involved with the cryofocuser design or interface to GC/FT-ICR MS system but their projects
benefited from the NSF funding through instrument availability and method development efforts supported by the NSF.
Name: Apatu, Emma
Worked for more than 160 Hours: Yes
Contribution to Project: 
Name: Emma J. I. Apatu
Role: Undergraduate Summer Research Assistant û from the University of Maine at Machias
Effort: <5% - Funding for Emma's support (Summer 2003 and Summer 2004 sessions) was procured from the Maine's Biomedical
Research Infrastructure Network (BRIN) summer research fellowship program.
Work Done: In her electrospray ionization (ESI) studies, Emma utilized the FT-ICR superconducting magnet that was maintained
by using the NSF financial support. Results from Emma's research were presented at the Mount Desert Island Biological
Laboratory, BRIN's annual meetings, in Salisbury Cove, ME. The title of her poster presentation was 'Conformational Analyses of
a Model Peptide (Gly5): ESI FT-ICR MS and Hydrogen/Deuterium Exchange Reactions'. Through the use of opportunities offered
by the New England Board of Higher Education (NEBHE), Emma presented her findings at the Massachusetts Institute of
Technology (MIT) on October 4, 2003. The NEBHE diversity program is designed to address the unique needs and concerns of
New England students that are traditionally underrepresented in science, technology, engineering, and mathematics (STEM)
disciplines. Emma also presented her research findings at a 'Minority Trainee Research Forum' held at the Fairmont Turnberry Isle
Resort & Club in Adventura, Florida (September 2004).
Technician, Programmer
Name: LaBrecque, David
Worked for more than 160 Hours: Yes
Contribution to Project: 
Name: David LaBrecque
Role: Instrumentation specialist
Effort: 10% for the duration of the NSF project - Mr. LaBrecque is a full time employee of the University of Maine; his salary
during the project period was supported by the university.
Work Done: Mr. LaBrecque was involved in designing and building electronic circuits to pulse heat the cryofocuser element. Mr.
LaBrecque helped to design various electronic circuits for cryofocuser interface as well as evaluating the efficiency of cryofocuser
element heating/cooling cycles. He also assisted the PI in improving the Mass Identification Smart Tool (MIST) software program
capabilities.
Other Participant
Research Experience for Undergraduates
Organizational Partners
Health Services - Cutler Health Center
Our collaborators, Dr. Mark Jackson (Director, MD) and Ms Sally K. Hall, have contributed significantly to our efforts to use GC/FT-ICR MS
and differentiate cultured bacteria based on volatile metabolic waste products. The personnel, expertise, and Cutler Health Center facilities were
used to select appropriate media and grow bacteria. We were able to differentiate the two common bacteria, Streptococcus pyogenes and
Pseudomonas aeruginosa, based on the presence of unique biomarkers in their volatile metabolic waste product (VMWP). Acetaldehyde was
not present in VMWP of Pseudomonas aeruginosa but a significant amount of it was observed in VMWP of Streptococcus pyogenes.
Conversely, the observed concentration of methylmercaptan in Pseudomonas aeruginosa VMWP was about 6 times higher than that of
Streptococcus pyogenes VMWP. Ethanol was present in the gas-phase background from the agar culture media and its concentration was
variable. Acetone was only detectable from Streptococcus pyogenes VMWP samples. A manuscript on biomedical applications of GC/FTICR
MS is in final stages of preparation and will be submitted to Applied and Environmental Microbiology.
Final Report: 0228971
Page 4 of 10
BRIN-Maine
Maine's Biomedical Research Infrastructure Network (BRIN): With the financial support from the National Center for Research Resources and
National Institutes of Health (NIH) through the BRIN's program, we were able to enhance the impact of NSF funding and provide research
training for an undergraduate student, from traditionally underrepresented groups in science. The NSF funding was used to purchase cryogens
that are necessary to maintain our GC/FT-ICR mass spectrometer's 7 tesla superconducting magnet. This superconducting magnet was shared
with an electrospray mass spectrometer and was used by Emma Apatu for her summer research program. Ms Emma Apatu, an undergraduate
student from the University of Maine at Machias, is pursing her dream of becoming a medical doctor. Availability of cutting edge techniques as
well as modern instruments and facilities are crucial elements to attract, train, and retain talented qualified young scientists. Funding from the
NSF had a significant positive impact on the PI's professional development and boosted our ability to participate in various outreach activities
such as BRIN and other undergraduate research programs.
The Ontario Ministry of Environment
The Ontario Ministry of Environment in Canada: A solvent extracted water sample solution containing disinfection byproducts was submitted
to us by the Ontario Ministry of the Environment in Canada to confirm the molecular identities of the analytes present in a treated water
sample. We were able to confirm the identities of their EI fragment ion assignments (i.e., unknowns identified with the MMA of less than 5
ppm). However, some of the observed ions exhibited MMA > 250 ppm and revealed that the original CI product ions were different than what
we observed under our high resolution GC/FT-ICR MS conditions. Once we used our MIST program and the preliminary GC/FT-ICR mass
spectral data, we were able to correctly assign and identify the observed ions. All GC/FT-ICR MS assigned species showed MMA < 5 ppm and
confirmed validity of the assignments. This novel high resolution GC mass analysis of disinfection byproducts would not have been possible
without the financial support from NSF.
Other Collaborators or Contacts
Boston University Medical Center (BUMC): We are interested to use our GC/FT-ICR MS for noninvasive characterization of human exhaled
breath and identification of novel biomarkers of chronic obstructive pulmonary disease (COPD) and other illnesses. The researchers at the
Boston University Pulmonary Center and Department of Biochemistry {Dr. George O'Connor (MD, MS) and Dr. Bob Walter (MD, MPH)} are
also interested to explore the potential advantages of GC/FT-ICR MS approach in identifying COPD biomarkers. We have discussed the
research design and implementation of our collaborative projects and visited the facilities available to both groups. The NSF funding has
enabled us to improve our detection limit and mass resolving power and remain at the forefront in this field. Hence, we are now in a better
position to procure federal funding and examine our hypothesis that smokers and former smokers with COPD may exhibit higher levels of
biomarkers of inflammation and oxidative stress.


Maine Water Resources Research Institute: The assessment of source water quality and disinfection byproducts requires ultrahigh
mass-resolving power and mass measurement accuracy. The NSF funding has enabled us to break the world record GC mass resolving power
and initiate collaboration with the researchers at the University of Maine's Mitchell Center for Environmental & Watershed Research to address
potential problems with the disinfected drinking water. Our objectives are: a) to identify disinfection byproducts (DBP) using high resolution
analytical methods, b) to correlate source water characteristics with DBP types, and c) to correlate DBP with type of disinfection process. The
health concerns associated with DBP are very compound specific. Therefore, the ability to accurately identify specific compounds will increase
the management and control of compounds of concern. These activities are aimed at pushing the frontiers of analytical science to improve our
understanding and control of DBP. The successful outcome of this project will yield a better understanding of the sources of disinfection
byproducts in drinking water.
Activities and Findings
Research and Education Activities:
Our goal was to improve performance characteristics of a recently configured hyphenated PreConcentrator Gas Chromatography Fourier
Transform Ion Cyclotron Resonance Mass Spectrometer (PC/GC/FT-ICR MS) for trace component analysis. Our immediate objective was to
use a cryofocuser pulsed valve sample introduction interface to improve detection limit (two orders of magnitude enhanced sensitivity) and
mass resolving power (by a factor 5-10) of this PC/GC/FT-ICR MS apparatus.

What have we done?
We have been able to couple a gas chromatograph (GC) to our FT-ICR mass spectrometer using a cryofocuser interface. The successful
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implementation of the NSF project has enabled us to improve our analytical capabilities in terms of fingerprinting complex sample mixtures.
We have been able to improve our detection limit (viz., more than two orders of magnitude enhanced sensitivity) and mass resolving power
(e.g., an order of a magnitude for m/z > 200 amu). The GC/FT-ICR MS instrumentation can address scientific problems that are not possible to
resolve using the conventional GC/MS approaches. Moreover, we have been able to identify the emerging challenges that need to be addressed
so that we can remain at the forefront of this exciting field. In addition to achieving our primary project goals, we have been able to further
enhance the conventional GC/MS sample analysis capabilities. For example, we have introduced novel multidimensional GC/MS techniques
that provide improved sample fingerprinting. The new multidimensional analyses utilize ion storage capabilities of the FT-ICR technique. We
have also upgraded the hardware and software associated with our GC/FT-ICR MS data station so that we can reduce the time required to
collect, analyze and  handle large data sets.

Our main objective was to enhance the current GC/MS instrumental capabilities and achieve the required analytical resolution for
'sampleprinting' complex environmental and biological sample mixtures such as petroleum products and human exhaled breath (HEB). We
used a three-pronged research and educational approach to achieve our goal. We wanted to (a) improve our method detection limit (MDL) to
identify the minor components and potential markers in complex chemical mixtures, (b) improve our mass and analytical resolving power
capabilities to differentiate closely related analytes, and (c) improve our computational capabilities to handle and analyze large mass spectral
data sets. 

The following experiments and simulations were performed during the project to test performance characteristics of the instrument and fulfill
the above mentioned tasks: 
1- Cryofocuser element testing: Three of our group members (i.e., David LaBrecque, Jan Szulejko, and Touradj Solouki) were involved in this
project. We were able to construct highly accurate and precise (R2 > 0.999) cryofocuser temperature calibration curves. The cryofocuser
cooling time constants for with and without magnetic stirrings were 1.0 s and 1.3 s, respectively (with R2 values > 0.98). The heating and
cooling characteristics of a number of potential cryofocusing elements were studied and characterized. The most suitable candidates with the
desired technical specifications were selected for the final cryofocuser design.
2- Identification of the required components and purchasing (e.g., pulsed valves, power supplies, etc): Primarily, the PI was responsible for
accomplishing this task; input and valuable suggestions from all members of the research team were utilized.
3- Design of cryofocuser assembly: At the design stage of this project, three of our group members (i.e., David LaBrecque, Jan Szulejko, and
Touradj Solouki) were involved in different aspects of the circuit design, physical design, modeling, calculations, and computer drawings.
Several plans were considered and checked before the final designs were drawn and submitted for construction by the machine shop. Our
talented machinist, Mr. Tom Tripp, participated in various stages of the final design.
4- Installation of the cryofocuser assembly and its coupling to GC/FT-ICR MS: This task was accomplished by Touradj Solouki and Jan
Szulejko. Some modifications were made to the existing hardware and software interface and ICR cell configuration to accommodate the GC
inlet.
5- Construction of a DC heating jacket for the UHV chamber: Justin Bennett, under the supervision of the PI and Jan Szulejko, constructed and
tested the DC heating jackets. 
6- Initial testing of the interface and data acquisition: The PI and Jan Szulejko performed many experiments to characterize heating
performance of the cryofocuser assembly and the influence of various parameters on pressure decay inside the ICR cell and signal detection.
7- Method developments to improve sensitivity and mass resolving power: All group members including Dr. Jan Szulejko, Justin Bennett,
Zhaohui Luo, Indira Silwal, LeRae Graham, amd Emma Apatu were trained by the PI to examine various project specific event sequences and
optimize experimental parameters for their selected experiments.
8- Improving capabilities of the Mass Identification Smart Tool (MIST) program: This trainable software program utilizes MMA and mass
spectral pattern recognition for automated identification of unknown analytes and was written by Touradj Solouki and David LaBrecque. The
new modifications include the use of batch analysis for faster data mining and inclusion of thermochemical data for multidimensional
GC/FT-ICR MS analyses. This program will be available to other interested scientists as a freeware.  
9- Investigation of &#61537;-pinene and camphene Self-chemical Ionization (SCI): The PI, Jan Szulejko, Justin Bennett, and LeRae Graham
investigated unimolecular and bimolecular ion-molecule reactions of selected major fragment ions as well as the molecular ions of
&#61537;-pinene and camphene to determine the factors governing their SCI characteristics. The factors influencing &#61537;-pinene and
camphene SCI are the following: ion cooling trends, internal energy content, proton affinities, reaction rates, structural variations, and
unimolecular dissociation. Self-chemical ionization could be useful for targeted analyte identification based on analyte specific SCI
characteristics in multidimensional GC/FT-ICR MS. 
10- Simulations to model SCI mass spectral appearance: The PI and Dr. Jan Szulejko performed numerous electron impact, charge transfer
(CT), chemical ionization (CI), and unimolecular dissociation experiments on parent and fragment ions of &#61537;-pinene and camphene
isomers. The experimental findings and all thermochemical data were used for computer simulations of the self chemical ionization (SCI)
process. These simulations were helpful to successfully predict the kinetic processes that controlled the SCI and could be used for
multidimensional GC/FT-ICR MS analyses. Two manuscripts, addressing the details of SCI, have been submitted to the J. Am. Chem. Soc. on
this topic.
11- Improving data storage and data analysis capabilities of our system: NSF funding allowed us to upgrade our computer and data analysis
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package (Omega 8 version of IonSpec Data Station) to improve data storage, retrieval, and analysis. The new system is equipped with high
speed PCI interface card, 80-GB hard disk, 512-MB RAM, 32-bit Windows XP operating system, and 3.2 GHz central processing unit. Such
improvements accelerate the Fourier transform analysis of large sets of GC/FT-ICR MS time domain data.
12- Chemical ionization of gasoline and analyte response factors: The PI, Jan Szulejko and Zhaohui Luo used ethanol as a CI reagent gas to
generate a suite of reagent ions for multiplex/multidimensional CI GC/FT-ICR MS on test and gasoline samples.  Computer simulation based
on bimolecular ion molecule reaction schemes was used to determine analyte concentrations and proton affinities. In principle, this simulation
can be applied to multiplex CI of gasoline or other samples. A manuscript is in preparation and will be submitted to the International Journal of
Mass Spectrometry.
13- Analysis of 'clean' water disinfection byproducts: Zhaohui Luo and Indira Silwal lead these projects and they have been able to use MMA
and MIST for unambiguous determination of disinfection byproducts' molecular formulae. A portion of these projects include collaboration
with other non-chemist scientists. Broader dissemination of our findings and exploring allied scientific fields are among our long-term goals in
these areas. Our findings open new avenues of discovery to address significant riddles in environmental and biomedical fields.
14- H/D exchange and other miscellaneous experiments: All group members including Dr. Jan Szulejko, Justin Bennett, Zhaohui Luo, Indira
Silwal, LeRae Graham, and Emma Apatu contributed to these project specific areas.
15- Ultrahigh resolution heterodyne GC/FT-ICR MS and headspace analysis of dried pepper samples: Touradj Solouki and Jan Szulejko used
dynamic headspace sampling with He sweep gas on dried pepper for sample 'fingerprinting'. The objective of these experiments was to
determine what volatile organic compounds were emitted from the dried pepper flakes. We were interested in differentiating potentially
interfering background chemicals from the prospective useful human exhaled breath biomarkers for diseases diagnosis. The experimental
results showed that He contained trace amounts of hydrocarbon contaminants and significant column bleed was detected well below the
temperature specified for column bleed on the manufacturer's specification sheet. The FT-ICR mass spectral detection in the heterodyne mode
allowed us to further improve the world record GC mass resolving power. A manuscript describing the details and importance of our high
resolution GC/MS experiments is in preparation.

Findings:
What have we learned?
We have learned that the achievable mass resolving power of a GC/MS system can be successfully improved by an order of magnitude. We
have also improved our previous instrumental sensitivity by three orders of magnitude. We have demonstrated that multidimensional
GC/FT-ICR MS can provide structural and thermochemical data to improve analytical resolution and unknown analyte identification. In
addition, our ultrahigh sensitivity has enabled us to realize that purity of the commercially available GC-grade carrier He gases is critical and
unsatisfactory for ultrahigh sensitive analyses; our gas purification methods need to be improved. Also, we have observed significant GC
column bleeding at much lower temperatures than normally specified by the manufacturer of the GC columns; for accurate and precise 'sample
printing' these contamination sources must be reduced or eliminated. Currently, we use hydrocarbon traps and cryotrapping to reduce
contamination (from the commercial He carrier gas); these methods must be further improved for ultrahigh sensitive sample characterization.
We have learned that currently there are no suitable UHV compatible micro pulsed valves (available commercially) that can be operated at high
temperatures (> 150 &#61616;C). At the 52nd ASMS conference and the FT-MS workshop, the PI made inquiries on the current technology in
this area; also, we sought assistance and advice from various national laboratories (e.g., the Jet Propulsion Laboratory). There is only one
commercial source that currently has components that come close to meeting our specifications. However, these high cost pulsed valves can not
operate at higher than 100 &#61616;C. This is a serious limitation that should be addressed to further improve our capabilities; such
improvements will have a broader impact on other areas of research and industry where there is a need for gas-tight UHV compatible
micro-valves. We have been able to further improve our in-house written MIST (Mass Identification Smart Tool) software capabilities to
enhance unknown identification; these improvements focus on two areas of mass spectral data analysis and interpretation vis-Ó-vis batch analysis
and incorporation of multidimensional analyses. We will make the MIST software available to other educational and research institutions in the
public domain. Both our hardware and software improvements allow higher analytical resolution for GC/MS 'fingerprinting' of complex
sample mixtures at the highest level of confidence currently attainable.

We have learned that we can identify various analytes in human breath samples but carrier gas contamination is a major limitation. We are able
to use the same procedures for bacterial analysis. Although NSF funding has enabled us to establish a new world record for mass resolving
power in GC/MS, further improvements are required for routine and user-friendly GC/MS operation. The pumping speed around our ICR cell
needs to be improved by an order of magnitude to reduce duty cycle for high resolution experiments from ~ 20 s to 2 s or less. We also need to
further improve the current heating jacket on ICR vacuum housing so that we can maintain the entire system at above 150 &#61616;C. The
NSF funding has enabled us to perform types of analyses on 'real world' samples that could not be examined by any other research/analytical
laboratories around the globe.

We have also introduced ion-molecule kinetic and multiplexing schemes that can be used in GC/FT-ICR MS to simultaneously determine
analyte concentrations and thermochemical properties such as proton affinities. With the assistance from the University of Maine's Office of
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Research and Sponsored Programs, we are in the process of working with the Maine Technology Initiative (MTI) program to obtain patents to
protect the University's intellectual property rights.

What are our major research findings?
1- Improved the GC/FT-ICR MS method detection limit by cryofocusing the GC eluent.
2- Improved the GC/FT-ICR mass resolving power and mass measurement accuracy by reducing the ICR background pressure and
pulse-heated sample introduction.
3- Improved conventional analytical resolution and enhanced sample 'fingerprinting' by using multidimensional GC/FT-ICR MS.
4- Ascertained the factors governing the SCI of &#61537;-pinene and camphene by using various ion-molecule and unimolecular dissociation
reactions.
5- Found greater than 50 components in commercial gasoline samples (this is larger than the number listed on the manufacturer's material
safety and datasheet (MSDS)) and established their molecular identities at a high level of confidence (a part of Zhaohui Luo's thesis work).
6- Detected undesired contaminants in the He GC carrier gas that can reduce the analytical performance of the instrument and interfere with the
sample fingerprinting.
7- Established that UHV compatible pulsed valves that can operate at higher than 150 ?C are essential to further enhance our current analytical
capabilities.
8- Showed that the MIST software can be trained to utilize MMA and other thermochemical data for mass spectral pattern recognition and
automated/batch identification of unknown analytes.
9- Demonstrated that multidimensional GC/FT-ICR MS provides enhanced sample fingerprinting capabilities.
10- Acquired GC mass spectral data in heterodyne FT-ICR mode and exceeded the previously reported world record mass resolving power.
11- The use of pulsed valve cryofocusing GC/MS interface allowed us to further improve the instrument performance. For example, we have
improved our detection limit for acetone to ~ 200 attomoles. This value is based on signal-to-noise extrapolation of the experimental data to
value of 3:1 from 80 picomoles injection on GC column with observed signal-to-noise ratio in excess of 1700:1.
12- Demonstrated that GC/FT-ICR MS is ideal for detection of disinfection byproducts and confident characterization of complex sample
mixtures.

Training and Development:
The NSF projects provided training for a postdoctoral research associate, three graduate students, and two undergraduate students. 
A postdoctoral research associate (Dr. Jan Szulejko) was trained; he gained valuable experience in using gas-phase ion-molecule chemistry for
novel multiplexed GC/MS analyses.

Three graduate students, who are currently members of the group, were trained in different areas of FT-ICR mass spectrometry. Zhaohui Luo is
expected to defend his thesis in Master of Science in Fall 2005. Nearly hundred percent of Zhaohui's research projects are using experimental
approaches that NSF funding had a significant positive impact on. The other two graduate students (LeRae Graham and Indira Silwal) are
expected to acquire their Doctors of Philosophy (Ph.D.) in years beyond 2005. Although the major focus of LeRae's thesis is on
hydrogen/deuterium exchange reactions, the training opportunities provided by the NSF funding have been crucial for the success of her
research projects. Indira Silwal has finished her course work and has started her research that focuses on detection and characterization of
disinfection byproducts. To accomplish her tasks and research objectives, Indira is using the GC/FT-ICR MS system that was developed with
the financial support from the NSF; without the NSF support (and achieving higher sensitivity and ultrahigh mass-resolving power), Indira's
research goals could not be targeted and/or accomplished.

Two undergraduate students (Justin Bennett and Emma Apatu) participated in research during the NSF funding period. The improved research
environment and infrastructure yielded positive impact on both of these undergraduate students; Emma and Justin have decided to pursue their
postgraduate and higher educations in biomedical/medical fields.

Emma's summer stipend was supported by the Maine Biomedical Research Infrastructure Network (BRIN) program. The title of her summer
research project was 'Conformational Analyses of a Model Peptide (Gly5): ESI FT-ICR MS and Hydrogen/Deuterium Exchange Reactions'.
Emma presented her research findings in a local and two national meetings. She will be graduating with a Bachelor of Science degree from the
University of Maine at Machias in May 2005. She is in the interview process to select her choice of a medical or graduate school.

Justin's undergraduate research thesis title was 'Improvements to PC/GC/FT-ICR Mass Spectrometry Performance' and he worked on this
project for two semesters. He presented his research findings at the 4th North American FT-ICR Conference and the title of his poster
presentation was 'Differentiation of Selected Terpene Isomers Based on Metastable Decay and Ion-molecule Reactions'. In addition, he
coauthored an ASMS poster presentation and a journal article (J. Am. Soc. Mass Spectrom. 2004, 15, 1191-1200). For his NSF supported
research work on GC/FT-ICR MS, Justin was selected as the Outstanding Graduating Student in the College of Liberal Arts and Sciences at the
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University of Maine in Orono (May 2003). Justin has accepted an offer from his top choice for the medical school and is currently attending the
Dartmouth Medical School in Hanover, NH.
Outreach Activities:
As an invited speaker, the PI has presented NSF funded research findings in various institutions to raise public awareness and participation in
science and technology. For example, the PI has given lecture to non-science majors about the NSF project and its potential impact for sensor
development and disease diagnosis. In addition, the PI was involved in outreach programs supported by Maine's Biomedical Research
Infrastructure Network (BRIN) and NSF-National High Magnetic Field Laboratory (NHMFL) programs. The undergraduate students involved
with BRIN and NSF-NHMFL programs included Emma Apatu and Justin Bennett, respectively.
Journal Publications
J. E. Szulejko and T. Solouki, "Self-Chemical Ionization of Camphene and alpha-Pinene Isomers: Ionic Excited State Acidities, Neutral Proton
Affinities, and other Thermochemical Considerations Part A ? Metastable and SCI Reactions of Molecular Ions", J. Am. Soc. Mass Spectrom.,
p. xxx, vol. xxx, (2004). Submitted
T. Solouki and J. E. Szulejko, "Self-Chemical Ionization of Camphene and alpha-Pinene Isomers: Ionic Excited State Acidities, Neutral Proton
Affinities, and other Thermochemical Considerations Part B ? Proton Affinity Bracketing", J. Am. Soc. Mass Spectrom., p. xxx, vol. xxx,
(2004). Submitted
T. Solouki, J. E. Szulejko, J. B. Bennett, and L. B. Graham, "A Preconcentrator Coupled to a GC/FTMS: Advantages of Self-Chemical
Ionization, Mass Measurement Accuracy and High Mass Resolving Power for GC Applications", J. Am. Soc. Mass Spectrom., p. 1191, vol. 15,
(2004). Published
Books or Other One-time Publications
T. Solouki, J. E. Szulejko, and Z. Luo, "Multidimensional GC Fourier Transform Ion Cyclotron Resonance Mass Spectrometry: Resolving
Complex Mixtures", (2004). Conference Proceedings, Published
Bibliography: Proceedings of the 52st ASMS Conference on Mass Spectrometry and Allied Topics, May 23-27, 2004, Nashville, TN.
E. Apatu, T. Solouki, "Conformational Analyses of a Model Peptide (Gly5): ESI FT-ICR MS and Hydrogen/Deuterium Exchange Reactions",
(2003). BRIN Poster Presentation, Published
Bibliography: Maine Biomedical Research Infrastructure Network (BRIN) Annual Meeting, Maren Conference Center, Mount Desert Island
Biological Laboratory, August 10th, 2003, Salisbury Cove, ME.
J. B. Bennett, L. B. Graham, J. E. Szulejko, and T. Solouki, "Differentiation of Selected Terpene Isomers Based on Metastable Decay and
Ion-molecule Reactions: Long-lived Excited States", (2003). 4th North American FT-ICR Meeting/Poster Session, Published
Bibliography: 4th North American FT-ICR Conference, Marconi Conference Center, April 3-6, 2003, Marshall, CA
J. E. Szulejko, J. B. Bennett, L. B. Graham, and T. Solouki, "Kinetic Analysis of Metastable Decay and Ion-molecule Reactions for Selected
Terpene Isomers: Cold and Hot Ions", (2003). Conference Proceedings, Published
Bibliography: Proceedings of the 51st ASMS Conference on Mass Spectrometry and Allied Topics, Bioinformatics, 1976, June 8-12, 2003,
Montreal, QC, Canada
Justin B. Bennett, "Improvements to PC/GC/FT-ICR Mass Spectrometry Performance", (2003). Thesis, Published
Collection: University of Maine in Orono - Undergraduate Research Thesis
Bibliography: May 2003 - The Outstanding Student in the College of Liberal Arts and Sciences
Web/Internet Site
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Other Specific Products
Product Type:
Software (or netware)                   
Product Description:
A trainable software program called Mass Identification Smart Tool (MIST) for unknown identification and batch analysis of mass spectral data
was improved. The new improvements included the mass spectral batch analysis option and incorporation of multidimensional analyses that
utilize thermochemical data such as the analyte proton affinity.
Sharing Information:
We will make the MIST software available to other educational and research institutions in the public domain.
Contributions
Contributions within Discipline: 
The NSF funded project improved our research/teaching capabilities. In addition, in three fundamental and significant ways, the NSF funding
provided enhancements for characterizing complex sample mixtures:
1-	The use of cryofocuser improved GC/FT-ICR MS sensitivity by almost three orders of magnitude û This is a considerable improvement and
allows us to detect analytes that exist at lower concentrations (e.g., femtomolar range) at a high level of confidence (< 5 ppm mass
measurement accuracy).
2-	The use of cryofocuser improved GC/FT-ICR MS mass resolving power û This improvement allows us to separate species that are a few
thousands of atomic mass unit (amu) apart. Such improvements are necessary for effective characterization of complex biomedical and
environmental samples such as human exhaled breath or water samples containing unknown disinfection byproducts.
3-	Ion storage capabilities of the ICR allows multidimensional GC/FT-ICR MS analysis û Multidimensional analysis provides higher analytical
resolution and  improves GC/MS 'fingerprinting' of the complex sample mixtures. These GC/FT-ICR MS multidimensional approaches can
also be used to extract thermochemical data from unknown analytes eluting from a GC column.
Contributions to Other Disciplines: 
Our findings provide new possibilities for future discoveries that need an improved analytical resolving power to address unanswered riddles in
environmental, biomedical, and material science fields. The comprehensive and reliable analysis of the components of a mixture is a crucial
first step in many emerging areas of bioinformatics, forensic sciences, geoinformatics, metabolomics, proteomics, and sensor development.
Hence, our improved GC/FT-ICR MS sensitivity and resolving power provides an effective analytical tool for data mining and addressing new
challenges in science and engineering.

Contributions to Human Resource Development: 
Please refer to the 'research training' subsection under 'Activities and Findings' for student involvement and retention.
Contributions to Resources for Research and Education: 
The NSF funding has allowed us to characterize samples that could not be tested by conventional GC/MS and this unique capability enhances
our institutional research and teaching abilities. Hence, we have been able to serve other scientists in our own and other institutions and
complement their analytical capabilities. The PI has also participated in various information exchange activities that include senior scientists as
well as students. For example, as an invited speaker, the PI has presented research findings for student audiences in the School of Marine
Sciences (course title: Chemistry for Everyday Living) and Department of Chemical Engineering (course title: Microscale Bioengineering) at
the University of Maine in Orono.
Contributions Beyond Science and Engineering: 
Our research and teaching activities have helped us to enhance public welfare in two tangible areas. 

Firstly, introduction of the novel multidimensional analytical techniques and improvements to the existing separation and detection capabilities
have enabled us to accurately identify unknown analytes at the molecular level. This improvement in our research capabilities allows us to
better address emerging issues such as the presence of disinfection byproducts in public drinking water. Potentially, various biomedical and
environmental areas will be impacted by our analytical improvements; such activities will have a positive impact on our nation's public health
and economic status. For example, further improvements to our instrument will also help to identify biomarkers and develop better diagnostic
tools for early detection of a host of diseases (please see http://www.chemsoc.org/chembytes/ezine/2003/houtman_jan03.htm or Chemistry in
Britain, 2003, 39, 28-31).
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Secondly, our projects have generated innovative research and teaching environment that are critical factors to attract, retain, and educate
young scientists. These young scholars will be successful members of the society, expand our understanding of the universe, determine our
future directions, and address impending challenges. For example, collaboration with the state's outreach programs such as BRIN, during the
NSF funding period, allowed us to provide research opportunities to a student from traditionally underserved group (African-American female
undergraduate student). Ultimate goals of our research and teaching activities are the promotion of intellectual and financial prosperity in our
nation and worldwide.
Categories for which nothing is reported: 
Any Web/Internet Site
A Preconcentrator Coupled to a GC/FTMS:
Advantages of Self-Chemical Ionization, Mass
Measurement Accuracy, and High Mass
Resolving Power for GC Applications
Touradj Solouki, Jan E. Szulejko, Justin B. Bennett, and LeRae B. Graham
Department of Chemistry, University of Maine, Orono, Maine, USA
Coupling of a cryogenic preconcentrator (PC) to a gas chromatograph/Fourier transform ion
cyclotron resonance mass spectrometer (GC/FT-ICR MS) is reported. To demonstrate the
analytical capabilities of the PC/GC/FT-ICR MS, headspace samples containing volatile
organic compounds (VOCs) emitted from detached pine tree twigs were analyzed. Sub-ppm
mass measurement accuracy (MMA) for highly resolved (m/m50%  150 k) terpene ions was
achieved. Direct PC/GC/FT-ICR MS analyses revealed that detached twigs from pine trees
emit acetone, camphor, and four detectable hydrocarbon isomers with C10H16 empirical
formula. The unknown analytes were identified based on accurate mass measurement and
their mass spectral appearances. Authentic samples were used to confirm initially unknown
identifications. Self-chemical-ionization (SCI) reactions furnished an additional dimension for
rapid isomer differentiation of GC eluents in real time. (J Am Soc Mass Spectrom 2004, 15,
1191–1200) © 2004 American Society for Mass Spectrometry
Biomarker analyses are important in many areas ofmodern analytical science [1]. For example, vari-ous chromatographic and mass spectral studies
were used to resolve and identify specific biomarkers in
diverse fields such as human physiology, forensics,
bacteria, and food spoilage [2–6]. FT-ICR MS offers
several advantages for characterizing multicomponent
mixtures. For example, the high mass measurement
accuracy of FT-ICR MS [7–9] limits the number of
possible chemical formulas corresponding to an exper-
imentally determined mass value [10].
Recently, we described potential applications of GC/
FT-ICR MS to analyze complex sample mixtures such as
automobile gasoline [11]. The GC/FT-ICR MS utilizes
the separation capability of a conventional GC [12] as
well as mass measurement accuracy [8, 9, 13, 14] and
superior mass resolving power of FT-ICR MS [15, 16].
The advantages of multidimensional and/or “hyphen-
ated” chromatography techniques with spectroscopic
detectors were reviewed extensively [17].
Often, “real world” biological and environmental
samples are complex mixtures, and their complete
characterization requires numerous stages of sample
preparation or sophisticated data analyses [4]. Our goal
is to develop methodologies aimed at detecting low
levels of VOCs that are emitted into the immediate
environment by biota [18]. The low levels of VOC
analytes at the ppm level (vol/vol) or lower may
preclude direct analysis of, for example, human exhaled
breath (HEB) with capillary column GC/MS systems
[18]. Methods must be developed to separate and/or
preconcentrate the VOCs of interest from the bulk
components prior to GC/MS introduction. One such
method is front-end GC cryogenic microscale purge
and trap [18, 19]. Back-end GC cryofocusing has been
used for trace FT-ICR mass spectral analysis by Gross
and co-workers [20]. We are interested in developing
methodologies that require minimal sample prepara-
tion and afford improved selectivity for analytical char-
acterization of sampleprints. To realize our objective,
we have coupled a preconcentrator (PC) to a GC/FT-
ICR MS (PC/GC/FT-ICR MS) and evaluated its utility.
Here, we describe the first PC/GC/FT-ICR MS data
from direct headspace analysis of arbor emissions.
A wide range of plants and plant-derived material
contain terpenes. It was suggested that terpene compo-
sitions may be used to determine the tree types [21, 22]
and locations [23, 24], as well as the extent of injuries,
such as montane yellowing [25] and forest damage [26],
caused by air pollution. Plants may also respond to
herbivore feeding and mechanical wounding by releas-
ing targeted chemicals such as proteinase inhibitors
[27]. Biogenically emitted monoterpenes may play an
important role in atmospheric chemistry of gaseous
nitrate (NO3) radicals [28]. Hence, accurate measure-
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ment of the tree monoterpenes is important. However,
difficulties with handling unresolved complex data
[26], lack of an absolute reference for the terpene yield
and/or sampling errors, uncertainties associated with
invasive sample extraction from conifer needles [26,
29–31], and rough handling [32] highlight the analytical
importance of non-invasive, reproducible, and rapid
sample analysis for plant characterization based on
VOC signatures.
Previously, we reported that high mass resolution
FT-ICR MS can be used to identify pressure-dependent
gas-phase self-chemical ionization (SCI) product ions
under GC/FT-ICR MS conditions [11]. Here, we dem-
onstrate that high mass resolving power and ion-trap-
ping capabilities of FT-ICR mass spectrometry can be
utilized to differentiate GC eluted -pinene and cam-
phene isomers in real time. Other researchers reported
isomer differentiation based on multiphoton ionization
and dissociation (MPI/MPD) [33], GC/MPI-FTMS [34],
FTMS proton affinity bracketing [35], collision-induced
dissociation (CID) [36–38], CID combined with chroma-
tography [39], ion-molecule reactions combined with
chromatographic techniques [40], oxygen negative
chemical ionization (ONCI) [41], NCI GC [42], charge
inversion MS [43], and by metal oxide sensors [44].
Modifying chromatographic parameters such as GC
temperature programming or column type that can
alter elution time and/or order will not change mass
spectral appearances. Hence, independent of the chro-
matographic retention time, detector differentiation
(i.e., mass spectral differentiation based on analyte
properties such as proton affinity and ion-molecule
reactivities) can be used to distinguish isomers. The
advantages of PC/GC/FT-ICR MS in terms of high
mass resolving power, sensitivity, mass measurement
accuracy, and isomer differentiation are discussed.
Experimental
Specimen or Sample Collection
Pine Twigs. Arbitrarily selected 5–10 cm long twigs
(with needles attached) were detached manually (by the
authors) from a branch (at a height of 1.5 m) of a pine
tree (Picea rubens) [45] and placed immediately in Zip-
Loc (Trinity Packaging, Lewistown, PA) bags (1 per
bag) for PC/GC/FT-ICR MS analysis. Samples were
collected in 2001, during the month of November, when
plant monoterpenes are assumed to return to their base
low levels; it has been reported that terpene levels
increase in May and return to their base levels by
September [46]. To re-confirm the emission of VOCs
from the same pine tree, additional samples were
analyzed in March 2003. The detached pine twig sam-
ples were stored at room temperature in a 28  27 cm
sealed ZipLoc bag. Prior to analysis, the end of the PC
sampling line was carefully inserted (10 cm) through
a small opening made in the ZipLoc seal near (1–2 cm)
the pine needle specimens. The seal was immediately
reclosed and the headspace analyzed. Direct PC/GC/
FT-ICR MS analysis of the VOCs in pine tree twigs did
not require any sample treatment. The preconcentrator
was programmed (event 2 in PC Event Sequence) to
collect a 100 mL sample of headspace volume surround-
ing the pine needles. Method blanks did not show any
acetone or terpenes from the background air or unused
ZipLoc bags.
Reagents. All reagents and solvents were purchased
from commercial sources and used without further
purification. The authentic samples were purchased
from Aldrich Chemical Company, Inc. (Milwaukee, WI).
Instrumentation
The PC/GC/FT-ICR MS consisted of three major com-
ponents; a 3-stage Entech 7100 series Preconcentrator
(PC) (Entech, Simi Valley, CA), an SRI GC system (Las
Vegas, NV) and an IonSpec 7-T FT-ICR mass spectrom-
eter (IonSpec Corp., Lake Forest, CA). A schematic of
the apparatus is shown in Figure 1. The exact details on,
fluid flow (i.e., for He and N2 gases and LN2 cryogen),
multipositional valve assemblies (denoted as V1, V2,
and V3) and vacuum lines within the PC apparatus
have been either omitted or simplified for illustrative
purposes only. The flow rates, temperatures and timing
of the preconcentrator event sequence was under com-
puter control (Toshiba, Equium 7100D, Irvine, CA).
Detailed description of the preconcentrator operation
has been published elsewhere [19]. Glass bead, Tenax
(Alltech-Deerfield, IL), and cryofocuser traps were used
to remove or reduce common air components (e.g., Ar,
CO2, H2O, N2, O2, etc.) and concentrate the volatile
organics. The cryofocused organics were desorbed by
flash-heating and injected on a GC column as a concen-
trated sample plug. The details of coupling a GC to the
FT-ICR MS and its potential analytical applications
were discussed earlier [11]. The labels SC and TL, in
Figure 1, denote sample container and heated transfer
line, respectively.
PC. The trapping and preconcentration of the VOCs of
interest were performed on an Entech 7100 PC using the
microscale purge and trap technique, utilizing three
trapping modules (labeled M1, M2, and M3 on Figure
1). The sequence of events used in our experiments was
as follows:
PC Event Sequence:
1. Prior to use, the PC was leak tested, flushed with
nitrogen and baked at appropriate temperatures
(120 °C for M1, 180 °C for M2, and 70 °C for
cryofocuser).
2. A user defined volume of the head space, or a gas
sample (e.g., 100 mL standard atmosphere for Fig-
ure 2) containing trace VOCs, was pumped through
the first trap (T1) located in module 1 (M1). In T1,
the VOCs and water and some CO2 were condensed
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and absorbed on the glass beads (maintained at
150 °C), whereas the N2, O2 and Ar were not.
3. 75 mL of He at standard atmospheric pressure were
flushed through M1 at 150 °C over 5 min.
4. The trap (T2) containing Tenax beads in module 2
(M2) was cooled to 30 °C.
5. M1 was warmed to 20 °C (for data shown in
Figure 2).
6. 40 mL of He at standard atmospheric pressure was
used to purge T1 to effect the transfer of VOCs into
T2.
7. The cryofocuser module (M3) was cooled to
160 °C. The actual cryofocuser (CF) consisted of a
section of megabore GC guard column that could be
heated from160 °C to70 °C (in less than 30 s) by
passing heated N2 gas over the CF line.
8. T2 in M2 was heated to 180 °C.
9. Mutlipositional valve assemblies directed the GC
carrier gas (He) through T2 to purge any trapped
VOCs into the CF, for 2.5 min.
10. The CF (megabore capillary line) was flash heated
to 70 °C. At this point, the GC temperature pro-
gram and FT-ICR MS mass spectral acquisition
were simultaneously started.
11. Mutlipositional valve assemblies directed the GC
carrier gas (He) through the CF to purge any VOCs
onto the GC column over a user-defined period.
After 1.5 min, the CF was cooled down to120 °C
(the temperature of M3). During the GC run, no
further cryogen was introduced into M3 and the
ambient warming slowly increased the CF temper-
ature to 60 °C in 30 min. The CF was interfaced
to the GC column by means of a heated transfer line
(maintained at 100 °C) containing a 1 m length of
deactivated megabore GC guard column. This line
conveyed both the carrier gas and the purged VOCs
to the GC column.
GC Operation. The purged VOC sample (at event 11 in
PC Event Sequence) was injected onto a 60-m (0.28 mm
i.d., 3 m crossbonded 100% dimethyl polysiloxane
stationary phase coating) MXT-1 capillary column
(Restek Corporation, Bellefonte, PA) housed in an SRI
model 8610C GC oven. The effluent exiting the capillary
column was directed into a SGE glass molecular jet
separator (SGE Inc., Austin, TX). Both the GC column
and molecular jet separator were located within the GC
oven [11]. The helium and analyte of interest were
transferred from the molecular jet separator to the
internal ion source of the FT-ICR MS [11] by means of a
2-m length, 0.5 mm i.d., MXT guard capillary column
(Restek Corporation, Bellefonte, PA).
The section of the transfer line (1 m in length)
external to the FT-ICR MS ultrahigh vacuum (UHV)
housing, was heatable up to 200 °C. However, the
transfer line within the UHV housing was unheated.
The transfer line entered the UHV housing by means of
a 1/8-in swage fitting. The terminus of the transfer line
Figure 1. A simplified schematic of the PC/GC/FT-ICR mass spectrometer: The exact gas flow
details (i.e., for He, N2 gases and also for LN2 cryogen flow) and configurations on valve systems
contained within the PC apparatus have been either omitted or simplified for illustrative purposes
only. Label SC denotes sample container, MIP denotes GC manual injection port and TL stands for
heated transfer line.
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was directed towards the center of the ICR cell through
a gap separating adjacent transmitter and receiver
plates of the ICR cell. To acquire the high resolution
mass spectral data in Figure 5 and Table 1, the jet
separator was removed and a pulsed valve interface
(similar to the design of Sack and Gross [47]) was
inserted in the transfer line between the GC and FT-ICR
vacuum housing.
GC temperature programming and column head pressure.
A user-defined GC temperature program was used to
acquire the data presented in Figures 2, 3, and 5. The
GC parameters, including temperature programming
and column head pressure, for all three experiments
presented in Figures 2, 3, and 4 were identical. The GC
injection port was kept at 200 °C, and samples were PC-
(Figure 2) or manual-injected (Figures 3, 4, and 5) onto
the column. The following GC temperature program, at
a column-head pressure of 15 psi He, was used for
headspace analysis of pine twigs (Figures 2, 3, and 4):
40 °C for 3 min, ramp at 20 °C per min to 140 °C, ramp
at 2 °C per min to 220 °C and then hold at 220 °C for two
min. To reduce the GC retention-time, for high mass
resolution studies of -pinene and camphene (e.g.,
Figure 5), isothermal GC programming (at 180 °C and
20 psi He pressure) was used.
FT-ICR MS. All GC/FT-ICR MS experiments were
performed on a differentially pumped IonSpec 7-T
Figure 2. The TIC from a 100 mL sample of headspace volume surrounding pine twigs at room
temperature in a large volume sealed ZipLoc bag: arbitrarily selected (5 cm long) twigs containing
pine needles had been detached manually from a Picea rubens tree situated in the environs of the
university campus for headspace analysis. Insets (a to e) show the mass spectra for TIC peaks labeled
a to e. VOC assignments (-pinene, camphene, limonene, terpinolene, and camphor, in order of
elution time) are shown as structures on each mass spectral inset.
Table 1. Mass measurement accuracy and peak assignments for the observed peaks from GC/FT-ICR MS headspace analysis of
camphene in heterodyne MS data acquisition mode
Measured m/z Exact mass
MMA
(ppm) Elemental composition Rel. Int. R.P. m/m50% Peak label in Fig. 5
135.1168 135.11683 0.22 C10H15
 28.4 166000 x
136.1203 136.12018 0.88 13C1C9H15
 3.27 161800 1
136.1247 136.12465 0.37 C10H16
. 54.0 147900 2
137.1280 137.12801 0.07 13C1C9H16
. 6.4 185700 3
137.1325 137.13248 0.15 C10H17
 100.0 152300 4
138.1359 138.13583 0.51 13C1C9H17
 11.4 161800 y
0.36
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FT-ICR mass spectrometer (Lake Forest, CA). Experi-
ments were performed only in internal ion generation
(24 eV EI) PC/GC/FT-ICR MS configuration [11]. The
outer and inner trapping voltages for low resolution
experiments (Figures 2, 3, and 4) were kept at 22.5 and
5 V, respectively. For the high resolution mass spectral
acquisition in the heterodyne mode (Figure 5 and Table
1), outer and inner trapping voltages were reduced to
3.0 and 0.5 V, respectively. To investigate self-chemical
ionization characteristics of terpene isomers, controlled
ion-molecule reactions were performed on a different
FT-ICR MS system. This system shared a common 7 T
magnet with the GC/FT-ICR and was equipped with
internal electron impact ionization source as well as a
pulsed-leak valve sample introduction system [48].
FT-ICR MS Data Processing. The chromatogram and
mass spectral x, y coordinates were imported into the
Microsoft Excel spreadsheets as ASCII delineated data
[11]. The original time-domain transient signals con-
tained 128 k (Figure 2), 32 k (Figures 3 and 4) and 1024 k
(Figure 5) data points. Figures 2, 3, 4, and 5 were
acquired under broadband (16 MHz analog-to-digital
converter {ADC} rate) and heterodyne (2 MHz analog-
to-digital converter {ADC} rate) modes, respectively. To
display the mass spectra in Microsoft Excel graphs (as
shown in Figures 2, 3, and 4), the fast Fourier transform
(FFT) parameters were modified to transform only 32
kword of the acquired data with one zero fill. To
generate the chromatograms in Microsoft Excel graphs
(as shown in Figures 2, 3, and 4), the fast Fourier
transform (FFT) parameters were modified to transform
the acquired data without any zero fill.
Figure 3. Bottom: The TIC from the GC/FT-ICR MS of authentic
-pinene and camphene from 250 L of headspace that was
withdrawn from a septum-sealed 40-mL vial containing 50 mg
(sufficient to maintain saturated headspace) each of -pinene and
camphene. The upper left and upper right panels show mass
spectra of -pinene and camphene corresponding to TIC positions
labeled A and B, respectively. The reaction delay for SCI was 5
ms (see text for additional details).
Figure 4. Bottom: The TIC from the GC/FT-ICR MS of authentic
-pinene and camphene from 250 L of headspace that was
withdrawn from a septum sealed 40-mL vial containing 50 mg
(sufficient to maintain saturated headspace) each of -pinene and
camphene. The upper left and upper right panels show mass
spectra of -pinene and camphene corresponding to TIC positions
labeled A and B, respectively. The reaction delay for SCI was
4400 ms (see text for additional details).
Figure 5. The GC/FT-ICR MS of authentic camphene from 30 L
of headspace that was withdrawn from a septum-sealed 40-mL
vial containing 50 mg (sufficient to maintain saturated head-
space, SVP 2.6 torr) camphene. Panel (a bottom) shows a narrow
mass range (m/z 137 	 3) chromatogram for the GC retention time
of 8–12 min. Panel (b) shows high resolution mass spectrum (m/z
134.5 to 138.5) used to generate the GC chromatogram shown in
Panel (a). Top left (c) and right (d) insets show expanded regions
(m/z 0.012 mass range) of the mass spectra at m/z 136.1247 and
137.1325, respectively. Table 1 contains summary of the mass
spectral data (e.g., mass resolving power and mass measurement
accuracy) for Figure 5. Data acquisition parameters are provided
in the Experimental section.
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Results and Discussion
In this section, we show the GC and mass spectral data
that we obtained from the analysis of the headspace
from pine tree (Picea rubens) twig samples and commer-
cially available authentic samples (-pinene, camphene,
limonene, and camphor). Both the GC retention times
and mass spectra of commercially available terpene
samples confirmed the original assignments of the
unknown volatile organic compounds. We demonstrate
better than one ppm mass measurement accuracy for
highly resolved terpene pseudomolecular ions in
GC/MS experiments. We also show that in addition to
the GC retention times, gas-phase ion-molecule reac-
tions can be used to differentiate structural isomers in
real time.
Emissions from the Pine Twigs
Figure 2 shows the total-ion chromatogram (TIC) from
a 100 mL sample of headspace volume surrounding
pine tree (Picea rubens) twigs at room temperature, in a
large volume (2 L) sealed ZipLoc bag, 24 h after
specimen collection. Insets a to e show the mass spectra
for TIC peaks labeled a to e, respectively. Accurate mass
measurements revealed that the peaks in the mass
spectra displayed in insets b to e were all hydrocarbons
in composition. Based on mass measurement accuracy,
a cursory mass spectral pattern analysis and using the
NIST online EI mass spectral database, we were able to
identify the VOC species as -pinene, camphene, li-
monene, terpinilene, and camphor, in order of elution
time (peaks labeled a to e in Figure 2). These assign-
ments were later confirmed using authentic samples.
The molecular structures of the identified VOCs are
shown above the corresponding mass spectra. Samples
analyzed 40 min, 20 h, and 24 h after specimen collec-
tion did not show major temporal variations in relative
VOC profiles.
Historically, GC characterization of terpene deriva-
tives and other naturally occurring volatile compounds
has played an important role in commercial activities,
such as perfume formulation [49]. Solvent extraction
analysis results [22, 25, 26, 30, 31] may not reflect the
actual quantitative or qualitative composition of the
VOCs emitted into the gas-phase. Consequently, direct
gas-phase sampling methods such as PC/GC/FT-ICR
MS are preferable. For example, in Figure 2, at the
relatively short GC retention time (RT  490 s), a peak
corresponding to acetone is observed. Our method
blanks showed no acetone signal, and confirmed that
the acetone is, in fact, emitted from the pine twig
samples. Although acetone is difficult to detect using
conventional and destructive extraction methods [24], it
has been shown to be present in VOC emissions from
various trees [50, 51].
Based on accurate mass measurements and observed
fragmentation patterns, the TIC peaks labeled a to d (in
Figure 2) were ascribed to terpene isomers with the
empirical formula, C10H16, and that of TIC Peak e to
camphor, C10H16O. The small GC peak at RT  240 s is
due CO2 previously trapped in the PC. The mass
spectrum shown for Peak e (camphor) in the TIC in
Figure 2, has been corrected for the continuous residual
background. The heat generated from electron filament
can enhance outgassing of the ICR cell components and
contribute to the background over time. Using an
FT-ICR mass calibration table generated 1 month
prior to the acquisition of the tree VOC data reported
herein, the mean absolute mass measurement accuracy
for the 8 major peaks (mass spectral peaks with S/N 
20 present in insets 1 to 3 of Figure 2) was 
 5.0 ppm
(2.4 	 0.9 ppm at the 95% confidence level for n  24,
based on absolute errors using m/z values from three
mass spectra). The authentic samples were used to
generate new mass calibration tables and improve mass
measurement accuracy. For example, in heterodyne
mode, Figure 5 (Table 1), the average mass measure-
ment error was 0.4 	 0.2 at the 95% confidence level,
with n  6.
Authentic Sample Analysis and Isomer
Differentiation
Commercially available authentic samples were pur-
chased and analyzed to confirm the assigned identities
of the unknown analytes. Terpinolene (Peak d in Figure
2) was not readily available to confirm our initial
assignment; however, the pattern observed in Figure 2d
closely matches terpinolene’s mass spectrum contained
in the NIST’s online database (http://webbook.nist.
gov/chemistry/). Comparisons between the GC reten-
tion times as well as observed mass spectral fragmen-
tation patterns of the unknows and authentic samples
confirm the correct assignments of the Peaks a, b, c and
e in Figure 2 as -pinene, camphene, limonene, and
camphor, respectively. These four volatile compounds
were previously identified as the major components of
the leaf oils from Picea species [21].
Figure 3 (bottom) shows a TIC segment from PC/
GC/FT-ICR MS analysis of the authentic -pinene and
camphene isomers (from RT  1200 to 1400 s). To
acquire the data in Figure 3, 250 L of headspace was
withdrawn from a septum sealed 40-mL vial that con-
tained 50 mg each of -pinene and camphene. The 50
mg was in large excess of the amount required to
maintain saturated vapor pressures (SVPs) of camphene
(SVP  2.6 torr) and -pinene (SVP  5.0 torr) at 25 °C
[52]. The headspace sample was manually injected onto
the GC for FT-ICR MS analysis. To correct for the PC
transfer line delay times, additional experiments for all
four authentic -pinene, camphene, limonene, and cam-
phor samples were performed (data not shown). The
GC retention times shown in Figures 3 and 4 were
corrected for the PC/GC transfer line (2 m in total
length) delay time (20 s, the time required for samples
to travel from module 3 in PC to GC injection port, as
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measured experimentally). Comparisons between the
GC retention times as well as the observed mass spec-
tral fragmentation patterns of unknowns and authentic
samples confirmed the correct assignments of the peaks
a, b, c and e in Figure 2 as -pinene, camphene,
limonene, and camphor, respectively.
The GC peaks in Figure 3 (RT 1280-1325 s and
RT1325-1370 s) are made up of about ten averaged
mass spectra (viz., total of about five hundred mass
spectra acquired across each GC peak). In other words,
each point (e.g., Points A or B) on the GC plot of Figure
3 represents an average of fifty mass spectra. The
observed GC baseline peak widths for -pinene and
camphene were 45 s each. The longitudinal diffusion
and GC peak broadening occurs within the 2 meter (0.5
mm i.d.) transfer line due to reduced mass flow rate
after the jet separator. The current GC software requires
a 1 s delay before acquiring the next averaged mass
spectrum. The duty cycle for each mass spectrum was
about 60 ms, and the electron beam was on for 45 ms. To
reduce interferences from the metastable decay and/or
ion-molecule reactions inside the ICR cell, we used
short duty cycles (i.e., 60 ms in this case). Prior to ion
detection, there was only 5 ms reaction delay event
after the end of the ionization period (the ion excitation
and detection events require 10 ms). Hence, ion-
molecule reactions were insignificant and did not alter
the observed mass spectral appearances. The appear-
ance of the GC/FT-ICR mass spectra (e.g., ethanol,
acetone, hexane, benzene, toluene, m-xylene, -pinene,
camphene, limonene, and camphor) at such short delay
times resembled conventional 70 eV mass spectra and,
therefore, NIST (http://webbook.nist.gov/chemistry/)
or other conventional mass spectral library searches
could be used to identify unknown analytes.
The molecular ion regions for -pinene and cam-
phene (m/z 134.5–137.5) that correspond to mass spectra
of Points A and B in the TIC of Figure 3 are shown in
Figure 3a and b, respectively. The molecular ion regions
for both -pinene and camphene are virtually identical.
The relative abundance of M and [M  1] peaks of
the -pinene and camphene suggest that for the 60 ms
duty cycle the carbon thirteen isotopomer
[12C9
13C1H16]
 ions (13C1 of M
 at m/z 137.128) are the
major components of the [M  1] peaks at m/z 137.
Potential [M  H] ions from SCI (12C10H17
 at m/z 
137.132) do not significantly contribute to the intensity
of the peak at m/z 137.
Figure 4 shows a TIC segment from PC/GC/FT-ICR
MS analysis of the authentic -pinene and camphene
samples (from RT  1200 to 1400 s). The injected
headspace volume (from the 40-mL vial containing
sufficient -pinene and camphene to maintain saturated
vapor pressures) and GC variable parameters were
identical in Figures 3 and 4. However, the mass spectral
data acquisition parameters for Figures 3 and 4 were
different. Specifically, each point on the GC plot of
Figure 4 represents only a single mass spectrum (vis-a`-
vis average of fifty mass spectra in Figure 3). For the
mass spectral SCI-based differentiation of -pinene and
camphene, we increased the time required to acquire
each mass spectrum from 60 ms in Figure 3 to 5000 ms
in Figure 4. In addition, we increased the ionization
event (electron beam on) from 45 ms (in Figure 3) to 600
ms in (Figure 4). The increased reaction delay from 5
ms (in Figure 3) to 4400 ms (in Figure 4) allowed for
ion-molecule reactions to take place inside the ICR cell.
The molecular ion regions for -pinene and cam-
phene (m/z 134.5–137.5) that correspond to mass spectra
of Points A and B in the TIC of Figure 4 are shown in
Figure 4a and b, respectively. The GC TIC for Figures 3
and 4 are similar. Conversely, the molecular ion regions
for -pinene and camphene in Figures 3 and 4 are
different. For example, at the longer reaction delay time
of 4400 ms (in Figure 4), new peaks at m/z 135 that
correspond to products of hydride abstraction from
-pinene and camphene were observed. More signifi-
cantly, protonated molecules from SCI at m/z 137
were formed. The relative ratios of M to [M  1]
peaks for the -pinene (Figure 4a) and camphene (Fig-
ure 4b) were significantly different. The superscript ()
symbols in the panels of Figures 3 and 4 indicate that
the mass spectral peaks at m/z 137, for both isomers,
may contain 13C1M
 or [12C9
13C1H16]
 (m/z  137.128)
as well as [M  H] SCI product 12C10H17
 (m/z 
137.132) ions. Figure 5d, contains high resolution mass
spectrum of the camphene molecular ion region, ac-
quired under different experimental conditions where
the isotopomers were fully resolved (mass resolving
power, 150,000, Table 1).
A comparison between Figure 4a and b indicates that
the relative abundance of the protonated camphene is
higher than that of the -pinene isomer. During the SCI
events, the relative abundance of the camphene GC
peak was lower than that of -pinene GC peak. Assum-
ing similar ionization cross sections for the two isomers,
we conclude that the relative partial pressure of
-pinene (IE-pinene  8.07 eV) during the SCI inside the
ICR cell (TIC Point A in Figure 4) was at least two-fold
higher than camphene’s (IEcamphene  8.86 eV) (see
http://webbook.nist.gov) partial pressure (TIC Point B
in Figure 4). Compared to camphene, even at a higher
-pinene relative partial pressure, the SCI of -pinene
in Figure 4 was negligible and the peak for [M  1] in
Figure 4b was higher than the corresponding peak in
Figure 4a. The relative heights of the M and [M  1]
peaks in Figure 4a and b can be used to differentiate
-pinene and camphene isomers. Further details on
-pinene and camphene SCI have been presented at the
2003 ASMS conference [53] and is also the subject
matter of a forthcoming article [54]. A brief discussion is
provided in the following paragraph.
Controlled ion-molecule experiments, using a
pulsed-leak valve sample introduction system [48],
were performed to determine the factors giving rise to
the different SCI patterns of camphene and -pinene.
Preliminary results were presented [55] and full details
and results will be published in the near future. Briefly,
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major ions produced in the 24-eV EI of camphene or
-pinene (viz., m/z, 91, 93, 107, 121, 136) were individ-
ually SWIFT isolated and then allowed to react either
unimolecularly or by SCI for specified reaction delays.
It was observed that only camphene molecular ions had
a major long-lived metastable component (50%,  30
s, major product ions at m/z 92, 94, and 121). These
excited ions gave rise to the SCI product ion at m/z 137.
No metastable -pinene molecular ions were observed
under our experimental conditions (time between EI
and detection events varied from450 ms to 500 s). The
minimum time for ion isolation (due to high pressure
and SWIFT time requirement) was 450 ms after the
ionization event. The precursor -pinene and “cold”
camphene molecular ions, as well as their major frag-
ment ions, yielded an insignificant amount of m/z 137
by SCI.
Proton transfer bracketing reactions (data not shown
here) suggest that the proton affinities for the two
terpenes are similar and approximately 210 kcal/
mole. A density functional theory (DFT) calculation by
Ebmeyer places -pinene proton affinity less than one
kcal/mole above that of camphene [56]. Proton affini-
ties alone are not sufficient to determine the thermo-
chemistry of a proton-transfer reaction. For any proton
transfer reaction, acidities of the ions and basicities of
the neutrals will determine the overall free energy
change. The proton affinities of -pinene and camphene
are similar. Hence, acidities of the -pinene and cam-
phene molecular ions could be different; similarly,
acidities of their fragment ions, such as m/z 93 from
camphene compared with m/z 93 from -pinene, could
be different. We observed that isolated “cold” cam-
phene molecular ions did not yield measurable SCI.
Therefore, considering the importance of kinetic and
thermodynamic controlling factors, acidity of the ex-
cited M camphene ions may be an important control-
ling factor for camphene SCI.
Figure 5 shows a GC selected ion chromatogram
(SIC) and FT-ICR high resolution mass spectrum ob-
tained from analysis of 30 L of headspace taken from
a septum-capped 40-mL vial containing a sufficient
camphene sample to maintain saturated vapor pres-
sure. Using camphene saturated vapor pressures at
various temperatures [52] and integrated form of Clau-
sius-Clapeyron equation (i.e., lnP versus 1/T), the va-
por pressure of camphene at the laboratory temperature
of 25 °C was calculated to be 2.6 torr (i.e., 4.0 nmole
injection onto GC column from the 30 L camphene
headspace sample). The data acquisition was started 8
min after the GC injection event to reduce the computer
data file size. A 500-ms GC effluent segment was pulsed
into the ICR cell approximately every 29 s. The GC peak
was 25 s wide at half height (determined from sepa-
rate experiments). The displayed insets were all con-
structed (in Microsoft Excel) from mass spectral data
acquired in heterodyne mode (m/z 136	 10). The 1024 k
time domain data were fast Fourier transformed (Black-
man window with two zero fills) to frequency domain
data using IonSpec furnished software. The resulting
frequency domain data were converted to ASCII mass
spectral data and imported into Microsoft Excel. Ad-
vanced curve fittings were not used in Microsoft Excel
and only line connectors were used to join the raw data
points. IonSpec software utilizes more advanced curve
fitting functions to display mass spectral peaks. These
different curve fitting methods induce small differences
in the derived mass spectral parameters (e.g., peak
centroid, peak width). In Table 1, we have listed the
more conservative mass resolution values generated by
IonSpec software.
Figure 5a (bottom) shows the SIC for m/z 137 	 3.
The SIC peak contains only 3 points. A duty cycle of
29 s was used to reduce the pressure inside the ICR
cell to below 1  109 torr (as indicated on a remote ion
gauge display) during the excite and detect events.
Figure 5b (middle) shows the mass spectrum corre-
sponding to the SIC peak maximum. Figure 5c and d
(top two insets), show expanded regions (m/z 0.012
mass range) of the peaks at m/z 136.1247 and
137.1325 from Figure 5b. Peak at m/z 136.1203, (la-
beled as 1 in Figure 5c), is the 13C1 isotope of the
camphene [M  H] ion and peak at m/z 136.1247,
(labeled as 2 in Figure 5c), corresponds to the camphene
molecular ion (M). Peak at m/z 137.1280, (labeled as 3
in Figure 5d) is the 13C1 isotope of M
, whereas peak at
m/z 137.1325, (labeled as 4 in Figure 5d), corresponds to
the protonated camphene, [M  H]. The mass resolv-
ing powers (m/m50%) for all observed peaks in Figure
5 were in the range of 140,000 – 185,000 (Table 1). The
relative abundance of 13C1 peaks is in good agreement
with natural abundance of carbon isotopes. The method
detection limit (at S/N of 3) for high resolution GC/FT-
ICR of camphene at m/z 137 (S/N  150 for an on-
column injection of 4.0 nmol of camphene) is estimated
to be 
 2 pmol. A summary of the mass spectral data is
provided in Table 1. Columns 1–7 contain experimen-
tally measured masses, exact masses, mass measure-
ment accuracy, elemental compositions, relative ion
intensities, mass resolving power, and peak labels used
in Figure 5, respectively. The mean absolute mass
measurement error of 
 0.36  ppm for high resolution
GC/FT-ICR MS data (Figure 5) is given at the bottom of
the third column in Table 1.
For the isomer differentiation method presented
here, we have used the analyte molecules as the chem-
ical reagent gases for SCI. However, other reagents (not
investigated in the present study) can be used to
enhance the selectivity of this method and extend its
utility to other classes of chemicals. In addition to
protonation, hydride abstraction, fragmentation, dimer
formation, and other ion-molecule reactions may be
used for isomer differentiation. Although we only show
the mass spectral comparison between Points A and B
(presumably the high-pressure regions of the GC TIC)
[11], it should be noted that enhanced SCI is observed
for camphene across the GC TIC peak in Figure 4.
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Conclusions
The successful coupling of a PC to GC/FT-ICR MS was
described. Ion-molecule reactions such as SCI were
utilized to add an additional dimension to modern
GC/MS analysis protocols. The PC/GC/FT-ICR MS
requires minimal sample preparation and provides
remarkable analytical performance characteristics such
as high mass measurement accuracy and high mass
resolving power.
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Table I- Summary of Metastable and Ion-Molecule Reaction Kinetic Data and Selected Experimental Details
Rxn
#
Ion
Precursor
Sample
(PV)
Reactant
Neutral
(PLV)
Ion
Isolated
(m/z)
Reaction
Type
Reactant
Pressure
Uncorrected
IG Reading
(torr)
Primary Product
Ions or 2
nd
 Order
Reaction Observed
(m/z)
TC
(τ)
(s)
Bimol.
Rate (k)
(cm
3
 s
-1
)
Reactive/Depleted
Fraction of the
Isolated Ion
[Ar
+
]0
1 Acetone–PLV Acetone 43 PT 4.0E-09 59 39 2.7E-10 1.00
2 Acetone–PLV Acetone 43 A 7.5E-09 59 →117 700 8.1E-12 1.00
3 Camphene hν 136 U 3.0E-10 92, 94, 121 32 - 0.55
4 Camphene hν− “cold” 136 U 3.0E-10 92, 94, 121 104 - 0.62
5 Camphene hν− “hot” 136 U 3.0E-10 92, 94, 121 19 - 0.64
6 α-Pinene α-Pinene 136 CT 4.7E-09 136, 137 33 9.9E-10 0.13
7 Camphene hν, Camphene 136 U 2.0E-09 92, 94, 121, 137 15 - 0.68
8 Camphene hν, Camphene 136 PT 2.0E-09 94 → 137 45 1.7E-09 0.68
9 Camphene No leaking None EI - EI mass spectrum - - -
10 m-Xylene Camphene 106 CT 1.1E-09 94, 136, 137 121 1.2E-09 1.0
11 m-Xylene Camphene 106 CT 4.3E-09 94, 136, 137 32 1.1E-09 1.0
12 Camphene Benzene 136
(Hot)
CT 2.4E-09 78, 79, 92
94, 121,
- - Not determined
13 Camphene Benzene 136
(UC)
CT 1.4E-09 78, 79, 94 - - Not determined
14 Camphene Benzene 136
(CC)
CT 3.0E-09 No reaction - - 0.0
Table I
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Abbreviations used in Table I:
Abbreviation Description Abbreviation Description
A Association reaction k Bimolecular rate constant (molecules cm
3
 s
-1
)
[Ar
+
]0 Reactive/depleted fraction of isolated ions PLV Pulsed leak valve introduction
CC Collisional cooling PT Proton transfer reaction
CT Charge transfer reaction PV Pulsed valve introduction
EI Electron impact TC (τ) Reaction time constant (s)
hν Photons - bird type reactions U Unimolecular (or BIRD type) Reactions
IG Ion gauge - pressure readout, uncorrected for
chemical sensitivity or geometry factor
UC Unimolecular cooling
Page 1 of 24
Self-Chemical Ionization of Camphene and α -Pinene Isomers: Ionic Excited State Acidities, 
Neutral Proton Affinities, and other Thermochemical Considerations
Part B – SCI Reactions of Fragment Ions and Proton Affinity Bracketing
Touradj Solouki* and Jan E. Szulejko
Chemistry Department, 5706 Aubert Hall, University of Maine, Orono, ME 04469-5706
ABSTRACT (word count 285)
Unlike the parent ion of camphene at m/z 136, isolated fragment ions of camphene and 
α-pinene at m/z 93 and 121 did not show any metastable product ions up to 500 s unimolecular 
reaction delay. The isolated fragment ions of camphene and α-pinene at m/z 93 and 121 reacted 
with their respective terpene neutrals to produce [M + H]+ at m/z 137. A minor reaction channel 
for α-pinene fragment ions at m/z 93 was the formation of a charge transfer product at m/z 136. 
Both camphene and α-pinene fragment ions at m/z 93 were 100% reactive. Conversely, < 50% 
of the camphene or α-pinene fragment ions at m/z 121 were reactive and produced [M + H]+ self 
-chemical ionization (SCI) product ions at m/z 137 as the major product ion. Proton affinity (PA) 
bracketing experiments, PA additivity schemes, and alkene PA vs. adiabatic ionization energy 
(IE) linear correlation indicated that the PAs of camphene and α-pinene are comparable (~ 210 ±
2 kcal mol-1). Selected waveform inverse Fourier transform (SWIFT) isolated thermalized [M + 
H]+ ions of 13C1 α-pinene (m/z 138), 
13C1 camphene (m/z 138), and pyrrole (m/z 68) protonated 
camphene or α-pinene immeasurably slowly. Conversely, the corresponding non-thermalized [M 
+ H]+ species of α-pinene, camphene, and pyrrole protonated camphene or α-pinene efficiently. 
The observed [M + H]+ SCI terpene ions were mainly the products of various fragment ion 
reactions. The internally excited molecular radical cations of camphene made a minor
contribution to [M + H]+ of camphene. The α-pinene molecular ions showed no SCI reactivity. A 
simple model was used to predict SCI mass spectral appearances of α-pinene and camphene 
based on the experimental kinetic data and as a function of pressure and time.
Keywords: α-Pinene, Camphene, Charge Transfer, Exited State, FT-ICR, Ion-Molecule Reactions, Kinetics, Proton 
Affinity, Self-Chemical Ionization (SCI), SCI Modeling, Thermalization
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INTRODUCTION
In this paper, we present details of chemical processes that are involved in self-chemical
ionization (SCI) reactions of α-pinene and camphene isomers. Previously, we showed that SCI 
propensity of these two isomers were different and could be used to distinguish their chemical 
structures [1]. Our goal is to construct a simple model that can be used to predict the mass 
spectral patterns for SCI of α-pinene and camphene as a function of pressure and time.  The 
chemical structures of α-pinene and camphene isomers (C10H16) are shown below:
In part A of this series, we reported on the role of internally excited α-pinene and
camphene molecular cations in determining SCI mass spectral patterns [2]. Ground and excited 
states of terpene isomers exhibited different reaction rates for SCI and unimolecular decay. At 24 
eV ionization energy, the camphene molecular ions were formed with a significant amount of 
internal energy (e.g., = 0.7 eV for camphene  molecular cations) [2]. To further understand the 
different mechanisms of α-pinene and camphene SCI, here we report additional details on SCI 
reactions that involve isolated fragment ions. In addition, we compare proton affinities of α-
pinene and camphene using proton affinity bracketing, literature density functional theory (DFT) 
calculations [3], proton affinity versus ionization ene rgy linear correlation scheme [4, 5], and 
group additivity scheme [4, 6]. Moreover, we discuss the significant roles of the excited state and 
fragment ion reactivities in determining the observed SCI mass spectral patterns. Finally, using 
the thermochemical data extracted from numerous ion-molecule reactions for parent [2] and 
α-Pinene Camphene
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fragment ions of α-pinene and camphene  we construct a simple model to predict SCI mass 
spectral patterns for the two isomers as a function of time and pressure.
EXPERIMENTAL
Instrumentation:
All experiments were performed on a 7-T FT-ICR MS (IonSpec Corporation, Forest Lake, CA). 
Details of the instrumental setup was discussed earlier in part A [2]. A number of event 
sequences that included multiple ion isolation events were used to study particular systems as 
required (for additional details, please refer to Figure 1 in reference [2].
Chemicals and Sample Preparation:
The terpene and proton affinity reference bases were purchased from Aldrich Chemical
Company, Inc. (Milwaukee, WI) and used without further purification except for conventional 
freeze-thaw degassing procedure on the sample introduction system.  Analytes were introduced 
into the ICR cell through the pulsed and/or pulsed- leak [7] valve sample introduction systems.
Pressure Geometry Factor Determination:
Analyte pressures were measured by a remote Granville-Philips series 274 Bayard-Alpert
(Boulder, CO) type ionization gauge tube (located ~ 1 m from the ICR cell) and corrected for 
their relative ion gauge chemical sensitivity (CS) [8, 9]. The pressure geometry {g = 0.55 = 
[(chemical sensitivity corrected ion gauge reading)/(actual ICR pressure)]} factor for our ICR 
cell was determined by using acetone SCI reaction as a reference [2].  All bimolecular rate 
constants determined in this work, including those reported in Table I, have been scaled using a g 
= 0.55. The temperature of neutral reagents in the ICR cell was taken as ~ 296 (±1) K, the 
measured ambient laboratory temperature. The experimental bimolecular rate constants are
reported with an estimated precision of ± 10% [2].
Data Analysis and Kinetic Schemes:
The ion abundance data from IonSpec software output were normalized to one for each reaction 
delay time and analyzed using conventional kinetic analysis methods [2]. The curve-fitting
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results from Origin 7.0 software (OriginLab Corporation-Northampton, MA) were used to
determine the unimolecular and/or bimolecular rate constants as well as the reactive population 
fractions. Details on irreversible (pseudo) first (scheme 1) and second order (scheme 2) reactions 
are provided in part A [2]. A brief description for schemes 1 and 2 is provided here as well:
Scheme 1: Irreversible (pseudo) first order decay:
where [A+] is the abundance of the A+ ions at a given reaction delay time t (s), [Au
+] is the 
unreactive fraction of the A+ ions, [Ar
+]0 is the initial concentration of the reactive fraction of A
+
at the end of the last ion isolation event [2], τ1 is the pseudo first order time constant, B is the 
reactant neutral compound, and C is/are the neutral product(s).
Scheme 2: Irreversible 2-step (pseudo) first order consecutive decay reactions:
A mathematical relationship that relates k1 and k2 can be used to solve for unknown parameters 
such as k2 and reactive fraction (P
+
1r) of the intermediate product ion (P
+
1). For the reactions 
reported in this paper, we assumed that the intermediate species (P+1) had no unreactive
components [2]. A derivation of a 2-step consecutive reaction is given in reference [10].  For 
example, equation 2 can be used to curve fit the terpene ion-molecule reaction kinetic data and 
extract τ2 and reactive fraction (P
+
1r) of the intermediate product ion (P
+
1):
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For the reactions studied in this work, the intermediate product ions reacted away
completely and hence the reactive fraction (P+1r) of the intermediate was set to one. In all
relevant cases, allowing [A+r]0 float in equation 2, returned a value within ten percent of that 
obtained using equations. Bimolecular rate constants were calculated using the relationship 
between the time constants (τn) and neutral number density [N]:
 k = 1/([N]*τn) (Equation 3)
Where [N] is the number density of the reactant neutral in the FT-ICR cell (in molecules cm-3)
assuming T ≅ 296 K (as measured by a mercury thermometer in the vicinity of the ICR cell 
vacuum chamber) and n = 1 or 2. The neutral reactant pressure in the FT-ICR cell was 
determined by applying the appropriate ion gauge chemical sensitivity and geometry correction 
factors. The number densities ([N]) were calculated using standard ideal gas equations and using 
the corrected values for analyte pressures.
Microsoft Excel program (Microsoft Office 2003) was used to model the camphene and α-
pinene SCI patterns (i.e., estimation of m/z 137:136 ratio); details are provided in the section 
titled “Terpene SCI Simulation Model and Comparison with Experiment”.
RESULTS and DISCUSSION
In this section, results from representative data are discussed to elucidate the factors responsible 
for the disparate SCI propensities of α-pinene and camphene. Selected major ions in the 24 eV 
mass spectra were chosen for comprehensive investigation, viz., m/z 93, 121 and 136. In Part A 
[2], we reported the results obtained on the molecular radical cations of α-pinene and camphene 
at m/z 136. Here, in Part B, we present the results from selected major fragment ions, viz., m/z 93 
and m/z 121. In conjunction with the findings from Part A [2], we have constructed a
mathematical model to calculate the m/z 137 to m/z 136 abundance ratio as a function of
pressure (P) and reaction delay time (t). A summary of the acquired/calculated kinetic data are 
shown in Table I.
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To determine the contributions of major fragment ions at m/z 93 and 121, these fragment 
ions were SWIFT isolated and their charge transfer and proton transfer kinetics were followed 
(e.g., reaction #s 1-9 in Table I).  Proton affinity bracketing experiments were utilized to estimate 
the PAs of camphene and α-pinene and understand the importance of proton affinity on the 
observed SCI (e.g., reaction #s 10-17 in Table I). Proton transfer reactions between SWIFT 
isolated (isotopically tagged) protonated α-pinene and camphene at m/z 138 (i.e., the 13C1
isotopomer of [M + H]+) with neutral camphene and α-pinene, respectively, were studied to 
compare proton affinities and reaction kinetics of the two terpene isomers (e.g., reaction #s 18-21
in Table I).
Fragment Ions of α -Pinene and Camphene (m/z 93 and 121) – General Comments:
We used SWIFT isolation (0.5 s after the 24 eV electron impact event) to monitor fragment ion 
reactivities of α-pinene and camphene. The α-pinene and camphene m/z 93 and 121 fragment 
ions showed no unimolecular product ions up to 500 s unimolecular reaction delay (these non-
reactions are not included in Table I). The main observed (SCI) products were protonated 
terpenes [M + H]+. The observed reaction kinetics for SWIFT isolated ions at m/z 93 and 121 are 
summarized in Table I, reaction #s 1-9. A minor product channel (e.g., m/z 81, reaction #s 3, 6 
and 8 in Table I) was present in addition to the m/z 137 product ion channel. Additional details 
for the reactions of m/z 93 and 121 are provided in the following sections. At longer reaction 
delays (> 200 s) and reactant neutral pressure of ~ 5 x 10-9 torr, association and condensation 
product ions were observed (e.g., reaction # 9, Table I).
Reactions of SWIFT Isolated Fragment Ions at m/z 93:
Figure 1 shows temporal plots of SWIFT isolated fragment ions of α-pinene and camphene at 
m/z 93 () reacting with their α-pinene (Figure 1a) and camphene (Figure 1b) neutral
counterparts, respectively. The fragment ions at m/z 93 for both α-pinene and camphene yielded 
SCI product ions at m/z 137 (). The proton transfer rate constant for α-pinene fragment ion at 
m/z 93 with α-pinene (i.e., [93]+ +  136 → [137]+ + 92) was 4.2 x 10-10 cm3 molecule-1 s-1; the 
reactive fraction of the proton transfer m/z 93, [Ar], was 0.7 (reaction #1, Table I). Other reaction 
channels were m/z 81 (, [Ar] ~ 0.25, reaction # 3 in Table I) and a minor charge exchange 
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product to yield m/z 136, M.+ (, [Ar] ~ 0.05, reaction # 2 in Table I). The α-pinene product 
fragment ion at m/z 81 further reacted with the neutral α-pinene to yield a number of minor 
condensation product ions at m/z 95, 121, and 161 at a total rate of 5.2 x 10-11 mol cm3 molecule-
1 s-1 (reaction # 4 in Table I). The abundances of these minor product ions were summed together 
and are shown in Figure 1a as “other products” (). On the other hand, the proton transfer rate 
constant for camphene fragment ion at m/z 93 with the neutral camphene was 5.9 x 10-10 cm3
molecule-1 s-1 and [Ar] was 0.88 (reaction # 5 in Table I).  A minor SCI product channel for 
camphene 93 fragment ion was the formation of m/z 81 (k = 1.3 x 10-9 cm3 molecule-1 s-1 and 
[Ar] = 0.12, reaction # 6 in Table I). Unlike the α-pinene system, the m/z 81 produced from the 
reaction of camphene fragment ion at m/z 93 was unreactive.
Comments on Structural Identities of Fragment Ions at m/z 93:
The base peak in both camphene and α-pinene 24 eV EI mass spectra was the fragment ion at 
m/z = 93 (e.g., Figure 5a). Basic and Harrison [11] determined the identity of the EI fragment ion 
at m/z 93 from selected terpenes as protonated 1,3,5-cycloheptatriene. The PA of 1,3,5-
cycloheptatriene (protonated at C-1) has been recently determined to be 199 ± 1 kcal mol-1 by 
FT-ICR MS [12]. In the following “Proton Affinity” sections, we demonstrate that the proton 
affinities of both α-pinene and camphene are higher than 208 kcal mol-1. Therefore, protonated 
1,3,5-cycloheptatriene should proton transfer to either terpene isomer at or near the collision rate. 
In other words, ∆H < -9 kcal mol-1 (for Terpene + 93+ → 137+ + 92) is sufficiently exothermic to 
ensure unit reaction efficiency. However, the SCI of α-pinene (reaction #1 in table I) or
camphene (reaction #5 in table I) by the fragment ions at m/z 93 proceeded at less than 0.3 (<k> 
~ 5.1 x 10-10 cm3 molecule-1 s-1) of the estimated Langevin collision rate ( ~ 2.0 x 10-9 cm3
molecule-1 s-1). A reaction efficiency (RE) of ~ 0.3 may imply a proton transfer reaction (PTR) 
∆G or ∆H  ~ 1 kcal mol-1 based on the thermokinetic results of Bouchoux [13], ignoring any PT 
barriers. Therefore, the PA of conjugate base of the m/z 93 α-pinene or camphene fragment ion 
is estimated to be ≥ 210 kcal mol-1 (i.e., ~ 1 kcal mol-1 above that of α-pinene). The value of ~ 
210 kcal mol-1 is about 11 kcal mol-1 higher than the reported proton affinity of 1,3,5-
cycloheptatriene [12]. Moreover, in separate experiments, the protonated toluene at m/z 93 
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(PA(toluene) = 187.4 kcal mol
-1; see label # 16 in Table  II) protonated both camphene and α-
pinene efficiently. Therefore, it is concluded that the m/z 93, resulting from 24 eV EI on α-
pinene or camphene in the present work, was not protonated 1,3,5-cycloheptatriene [11] or 
protonated toluene. Therefore, identities of the terpene fragment ions at m/z 93 remain uncertain 
based on the literature work [11] and our PT kinetic results.
Reactions of SWIFT Isolated Fragment Ions at m/z 121:
Figure 2 contains temporal plots of SWIFT isolated fragment ions of α-pinene and camphene at 
m/z 121 () reacting with their neutral parent α-pinene (Figure 2a) and camphene (Figures 2b) 
counterparts, respectively. As shown in Figure 2a, approximately 42% of the α-pinene fragment 
ions at m/z 121 reacted with neutral α-pinene to yield m/z 137 as the sole product channel at a 
rate of 5.5 x 10-10 cm3 molecule-1 s-1 (reaction # 7, Table I); moreover, at an α-pinene pressure of 
5.0 x 10-9 torr, no further reaction after ~ 200 s was observed. Conversely, as shown in Figure 
2b, initially 15% (cf. 42% for α-pinene) of the camphene m/z 121 ions reacted with neutral 
camphene to yield two first order product channels, viz., m/z 81 [M + H – C4H8]
+ and 137 [M + 
H ]+  (~ 1:2 ratio), at a total rate of 1.1 x 10-9 cm3 molecule-1 s-1 (reaction # 8 in Table I). After
200 s of reaction, the camphene m/z 121 fragment ions disappeared more slowly at an apparent 
rate (kapp) of ~ 8.8 x 10
-12 cm3 molecule-1 s-1 to give an association product ion at m/z 257 
(reaction # 9 in Table I). In addition, m/z 81 reacted with camphene to give an association 
product at m/z 217 [2M + H – C4H8]
+ (not shown in Table I or Figure 2b). The kinetic data 
suggests that the m/z 121 ions produced from 24 eV EI on camphene and α-pinene have 
different structures and reactivities. From our observations, the m/z 121 from α-pinene or 
camphene produced by 24 eV EI has at least three components; a PT component to give m/z 137, 
a component to give m/z 81 and an unreactive component. Protonated mesitylene (m/z 121, 
PA(mesitylene) = 199.9 kcal mol
-1) proton transferred to α-pinene and camphene at unit efficiency 
(data not shown in Table I) with 100% reactive component; comparisons between proton transfer 
reactions of terpene fragment ions and mesitylene (label 12 in Table II) demonstrate that proton 
affinities of the conjugate bases of the fragment ions are greater than 200 kcal mol-1. Therefore, 
the fragment ions of α-pinene and camphene at m/z 121 may have different structures from each 
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other and neither fragment ion has the same structure as the protonated mesitylene.
Proton Affinity of Camphene:
We have used a PA group additivity scheme [6], PA vs. IE linear correlation [14], literature DFT 
calculations [3], PA bracketing and proton transfer kinetics to estimate the PA for camphene or 
α-pinene to be ~ 210 ± 2 kcal mol-1.
Additivity Scheme:
A molecule with an identical ring structure to camphene is 2-methylenebicyclo[2.2.1]-heptane
(C8H12) but it lacks the 2 methyl substituents on the α carbon to the >C=CH2 group. The PA for 
2-methylenebicyclo[2.2.1]-heptane (listed as 2-methylenenorbornane in Table II, label # 6) is 
205.7 kcal mol-1 [15].
Unlike ketones, there is a lack of PA data on alkenes in the literature [15] to calculate group 
additivity PA increments for alkenes. Instead, we used a ketone as a reasonable approximation 
for an alkene. The pairs of ketones used to calculate methyl group proton affinity increments 
included: 2,2,4,4-Tetramethyl-3-Pentanone and 3-Pentanone (∆PA = 5.9 kcal mol-1 with a 
difference of 4 methyl groups); 2,2,4-Trimethyl-3-Pentanone and 3-Pentanone (∆PA = 4.8 kcal 
mol-1 with a difference of 3 methyl groups); 2,4-Dimethyl-3-Pentanone and 3-Pentanone (∆PA = 
3.2 kcal mol-1 with a difference of  2 methyl groups); 3,3-Dimethyl-2-Butanone and 2-Butanone
(∆PA = 3.1 kcal mol-1 with a difference of 2 methyl groups). Considering the four ketone pairs, 
2-methylenenorbornaneCamphene
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an average of ~ 1.6 kcal mol-1 for each additional methyl group is estimated. The >C=CH2 group 
(e.g., in camphene) is isoelectronic to a ketone group (>C=O) and therefore methyl substitution 
for H on the α-carbon for either >C=CH2 or >C=O will show similar group PA increments. 
Using methyl group additivity increments (~ 3.2 kcal mol-1 for two methyl groups) to ketone PA 
(for the α-carbon methyl group substitution) as a model [15]) and the known PA of 2-
methylenebicyclo[2.2.1]-heptane, the PA of camphene is estimated to be (205.7 kcal mol-1 + 3.2 
kcal mol-1) ~ 209 kcal mol-1 [6].
PA vs. IE Linear Correlation:
Holmes and Aubry presented a brief review of the correlation schemes for different homologous 
series that can be used to relate various gas-phase thermochemical data [14].  For example, it has 
been shown that there is a linear relationship [4, 5] between PAs and IEs for series of oxygen 
compounds. In principal, this type of a linear relationship can be extended to alkenes. A plot of 
proton affinity versus adiabatic ionization energies for model alkenes with a linear correlation 
coefficient of 0.97 is shown in Figure 3. Using the known IE for α-pinene of 8.07 eV [15] and 
performing linear regression analysis on the data in Figure 3, the PA for α-pinene is estimated as 
~ 210 kcal mol-1.
DFT Calculations:
A DFT calculation [3] places the PA of camphene (213.4 kcal mol-1) ~ 1 kcal mol-1 below that of 
α-pinene (PA = 214.2 kcal mol-1). It should be noted that DFT calculated absolute PAs for 
alkenes are systematically higher and this particular deficiency in DFT has been noted by Smith 
and Radom [16]. On the other hand, relative DFT calculated PAs are generally reliable for 
homologues.
In summary, both DFT calculations and PA estimations show that that the PA of α-
pinene is ~ 1 kcal mol-1 above that of camphene.
Proton Affinity Bracketing Experiments:
The proton transfer reaction rate was observed to be immeasurably slow between base pairs of α-
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pinene, camphene or pyrrole if the protonated precursor ions were either unimolecularly and/or 
collisionally cooled prior to proton transfer reaction. This observation suggests that the PAs of α-
pinene, camphene or pyrrole (209.2 kcal mol-1, label #4 in Table II) are similar and also there is a 
small positive activation barrier (~ 2.7 kcal mol-1 for less than 1% reaction efficiency at room 
temperature) [13] for proton transfer. According to DFT calculations, the proton affinity of
camphene is approximately 1 kcal mol-1 lower than that of α-pinene [3]. It should be noted that 
near thermoneutral proton transfer rate constants are generally low for carbon bases [6]. The use 
of isotope tagging to measure directly the proton affinity difference of α-pinene and camphene is 
discussed below in more detail.
Estimate of the Lower PA Value for α-Pinene:
Protonated α-pinene did not proton transfer to 5-nonanone (PA = 204.0 kcal mol−1) at an 
observable rate at a neutral 5-nonanone pressure of 5.0 x 10-9 torr and up to 500 s reaction delay 
(reaction # 10 in Table I). This means that any protonated 5-nonanone produced was below the 
FT-ICR detection limit and therefore places an upper experimental limit of ~ 1% for the extent of 
reaction at 500 s (i.e., a pseudo first order rate constant < 0.01/500 s-1).
The proton transfer reaction efficiency (η) can be estimated based on the following
procedure: a 5-nonanone polarizability, α = 17 Å3 obtained from linear regression (R2 = 0.9999) 
on known ketone polarizability as a function of number of alkyl group carbons [17]; an ion 
gauge correction factor (6.4) for 5-nonanone based on α = 17 Å3 and the empirical method of 
reference [8]; a pressure geometry factor = 0.55; an upper limit for the pseudo first order rate 
constant (k' = 0.01/500 s-1) for the appearance of protonated 5-nanonone and a number density, 
[N] = 4.6 x 107 molecule cm-3 of neutral 5-nonanone. The proton transfer reaction efficiency (η)
is defined as, η = k'/{[N]*kL} = 2.2 x 10-4, using a Langevin collision rate constant, kL = 2 x 10-9
cm3 molecule-1 s-1. Based on the estimated reaction efficiency (η = 2.2 x 10-4), an endoergocity 
{∆G ≈ -RTln(η)} of ≥ 5 kcal mol-1 for proton transfer reaction is estimated [13]. Therefore, 
excluding minor entropy contributions to ∆G, the PA of α-pinene is estimated to be ≥ 209 kcal 
mol-1.
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Estimate of the Upper PA Value for Camphene:
Figure 4 shows the reaction of SWIFT isolated protonated camphene  (at m/z 137, ), with N-N-
dimethylformamide to yield initially protonated N-N-dimethylformamide (at m/z 74, ) and 
subsequently an association product ion at m/z 147 (the proton bound dimer of N-N-
dimethylformamide, ). Thermalized protonated camphene was isolated 50 s after the EI event.
Protonated camphene proton transferred to N-N-dimethylformamide (PA = 212.1 kcal mol-1) at 
near unit efficiency (k = 1.1 x 10-9 cm3 molecule-1 s-1). In the absence of activation barriers, this 
observation suggests that the PA of camphene is = 211 kcal mol-1.
In the PT reaction of protonated camphene with N-N-dimethylformamide (PA = 212.1 
kcal mol-1), about 0.15 of the protonated camphene was unreactive. The unreactive protonated 
camphene component noted here and elsewhere (see Table I, Reaction # 12) could have resulted 
if the SCI protonation exothermicity were sufficient to isomerize the camphene. For example,
protonated camphene at the secondary alkene carbon (e.g. by a low mass fragment ion such as 
C3H7
+ of high Brönsted acidity - PApropene = 179.6 kcal mol
-1) could yield a new conjugate base 
with a higher PA than that of N-N-dimethylformamide. Similar isomerization phenomenon has 
been observed in the protonation of 1,3,5-cycloheptatriene by strong Brönsted acids [12].
Proton Transfer Reactions between α -Pinene and Camphene Using Isotopic Tagging:
It is impossible to observe directly the proton transfer from one protonated terpene (at m/z 137) 
to another isomeric terpene by FT-ICR MS. In other words, the protonated product ion (m/z = 
137) would have an identical mass as the protonated reactant ion (m/z = 137), and thus, mass 
spectrometry could not be used to differentiate the ions apart. One way to overcome this 
limitation is to use natural isotope abundance “tagging” of the reactant ion. This approach has 
been elegantly demonstrated in the FT-ICR MS experiments of Kleingeld and Nibbering [18] to 
elucidate the SN2 displacement reaction mechanisms of CH3
18OH2
+ (18O protonated methanol) 
with natural methanol to give protonated dimethylether (at m/z 47 or 49) and water.
In a series of experiments, α-pinene and camphene were ionized by a ~ 10 ms 24 eV 
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electron pulse event soon after the initial 3 ms pulsed valve terpene sample introduction. The
additional pulsed valve terpene introduction events (up to 10 s in duration) after the EI event 
were used to promote extensive SCI. Major camphene SCI products included ions at m/z 81 and 
137.  The SWIFT isolated ions at m/z 138 (i.e., 13C1 isotopically tagged protonated terpene 
molecules) were allowed to proton transfer with either camphene or α-pinene neutrals to give 
protonated camphene or α-pinene at m/z 137. A summary of the experimental results is provided 
in Table I (reaction #s 18-21).
Figures 5a and 5b show a 24 eV electron impact ionization and SCI mass spectra of α-
pinene, respectively. Shown in Figure 5c is a mass spectrum of cleanly SWIFT isolated m/z 138 
(13C1 isotopomer of protonated α-pinene of low relative abundance) from the mass spectrum 
shown in Figure 5b. Selected experimental details for Figure 5 are as follows: (a) 24 eV EI at 0-3
ms, PV (pulse valve sample introduction) at 0-3.5 ms and detect at 5 s, (b) PV1 at 0-3 ms, 24 eV 
EI at 500-510 ms, PV2 at 511-10511 ms (α-pinene P ~ 1 x 10
-6 torr) and detect at 20s and (c) 
same as (b) except SWIFT isolate m/z 138 at 35-37 s and detect at 40 s.  In Figure 5a, the peak at 
m/z 137 is ~ 15% of the abundance of the peak at m/z 136 (C10H16
.+) which is slightly higher 
than the natural isotopic abundance of 11% expected for 10 C atoms. This implies that about 
25% of the peak at m/z 137 is protonated α-pinene (C10H17
+) whereas the remaining 75% is the 
13C1 isotopomer of M
.+ (13C1C9H16
.+). The α-pinene SCI mass spectrum shown in Figure 5b has 
m/z 137 (protonated α-pinene) as its base peak in addition to higher mass products at m/z 217, 
[2M + H – C4H8]
+, and m/z 273, [2M + H]+ from association reactions. The molecular cation 
(M.+) at m/z 136 is still a major peak in the α-pinene SCI mass spectrum shown in Figure 5b. 
Figure 5c demonstrates the unique capability of FT-ICR MS that allows SWIFT isolation of the 
m/z 138 ion from within a complex mixture of ions shown in Figure 5b.
Minimal Ion Cooling on PT Reactions between α-Pinene and Camphene:
Figure 6a shows that ~ 40% of the protonated 13C1 α-pinene population () SWIFT isolated ~ 
3.2 s after the EI event yielded protonated camphene at m/z 137 ().  Another ~ 25% yielded
products ions at m/z 121 (), 217 () and 273 () and remaining ~ 33% were inert. The total
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rate constant was 1.6 x 10-10 mol cm3 molecule-1 s-1 (reaction # 18, Table I). The α-pinene m/z 
137 reacted further with the neutral camphene to produce an association product ion at m/z 273 
[(Camphene)2 + H]
+ at an apparent bimolecular rate constant of 1.8 x 10-11 mol cm3 molecule-1 s-
1 and a condensation product ion at m/z 217 [(Camphene)2 + H – C4H8]
+. In contrast, Figure 6b 
shows the reaction of camphene with protonated 13C1 α-pinene (m/z 138, ) SWIFT isolated ~ 
1.4 s after the EI event. Only 35% of the camphene (m/z 138) proton transferred to give 
protonated α-pinene (m/z 137, ) at a rate of 3.3 x 10-10 cm3 molecule-1 s-1 (reaction # 21 in 
Table I). Most of the SCI reactions of α-pinene (Figure 6a) and camphene (Figure 6b) take place 
within the first 100 s of the ion-molecule reaction delay time. Trends for the SCI decay of 
protonated camphene and protonated α-pinene in Figure 6, closely resemble the observed
metastable decay curves for camphene at m/z 136 ([2], Figure 2). DFT calculations place the PA 
of α-pinene approximately 1 kcal mol-1 higher than camphene [3]. Proton affinity considerations 
and the appearances of the SCI and metastable decay curves strongly suggest the presence of 
excited state species. Comparison between the PT and other reactions of protonated 13C1 species 
of the terpene isomers in Figure 6 shows that the protonated 13C1 α-pinene contains larger 
population of reactive components.
The Effect of Collisional Cooling on PT from α-Pinene to Camphene:
Figure 7 shows the effect of collisional cooling using neutral α-pinene for 10 s at an indicated 
pressure of ~ 1 x 10-6 torr prior to SWIFT isolation of α-pinene m/z 138 (, reaction # 20 in 
Table I). The 13C1 protonated α-pinene (SWIFT isolated ~ 37 s after the EI event) shows only 
approximately ~ 20% reactive PT component to give protonated camphene (m/z 137, ). The 
protonated camphene (m/z 137) is the sole product ion at a bimolecular rate constant of 2.8 x 10-
10 cm3 molecule-1 s-1 (reaction # 20, Table I).
Interpretation of the PT Reaction Results:
Based on PT reactions between camphene and α-pinene, it is difficult to ascertain whether 
camphene or α-pinene has the higher proton affinity.  Interpretation of the experimental results is 
complicated due to the: (a) presence of unreactive 13C1 protonated terpene isomers, (b) SCI by 
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different fragment ions in the EI mass spectrum of varying Brönsted acidities, (c) presence of 
multiple protonation sites, (d) potential isomerization of the protonated terpenes by neutral
collisions, and (e) potentially slow proton transfer reaction kinetics between carbon bases. 
Hence, the proton transfer rate constants may not be useful to calculate a ∆G for the proton 
exchange reactions in either direction between camphene and α-pinene. In the absence of
reaction barriers, the PT reaction rate efficiencies of < 0.2 imply a gas phase basicity difference 
of ~ 1 kcal mol-1 [13] between the conjugate bases of the reactive (nonthermalized) components 
of 13C1 protonated α-pinene and camphene populations.
Association Reactions: 
In addition to proton transfer reactions of the isolated fragment ions of α-pinene and camphene 
to give protonated species, a number of condensation (e.g., reaction #4 in Table I) and
association (e.g., reaction #s 9, 13 and 19 in Table I) reactions were observed at longer reaction 
delay times. A brief overview is provided below on selected association reactions.
Protonated ketene (a fragment ion of acetone), m/z 43 (acetyl cation) reacted with
acetone to give an intermediate at m/z 59 (protonated acetone) and a terminal product ion at m/z 
117 (the proton bound acetone dimer). The association rate constant of 8.1 x 10-12 mol cm3
molecule-1 s-1 obtained for the reaction of protonated acetone with acetone association reaction in 
our work [2] is in agreement with the FT-ICR Kofel and McMahon value of 9.2 x 10-12 cm3
molecule-1 s-1 [19]. Protonated N-N-dimethylformamide (m/z 74) reacted with N-N-
dimethylformamide to yield the proton bound dimer of N-N-dimethylformamide (m/z 147). An
apparent bimolecular association rate constant of 1.7 x 10-10 cm3 molecule-1 s-1 was calculated for 
dimer formation of N-N-dimethylformamide (see Figure 4). 
In the case of protonated pyrrole (PA = 209.2 kcal mol-1) with camphene (PA ~ 210 ± 2 
kcal mol-1) or protonated camphene with pyrrole, an association product ion at m/z 204 was 
observed (data not shown). Also, less than 0.05 of the protonated species underwent proton 
transfer in 500 s reaction time. “Hotter” protonated pyrrole, camphene (or α-pinene) reacting 
with either camphene (or α-pinene) produced more association product ions at m/z 204 [Pyrrole 
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+ Terpene + H]+ or 273 [(Camphene)2 + H]
+ than “cooled” ions (e.g., compare Figures 6b and 7).
This observation suggests the presence of an entrance channel barrier for the formation of the 
association product ions as only hotter reactant ions yielded condensation and association
product ions. The pressure dependence on the apparent bimolecular rate constants was not 
undertaken here to determine the radiative lifetime of the initially formed ion-molecule
association complex.
Terpene SCI Simulation Model and Comparison with Experiment:
SCI Experiments:
A series of α-pinene and camphene SCI mass spectra using two reaction pressures of 3.5 x 10-8
and 7.0 x 10-8 torr were acquired at variable reaction delays (100 ms to 200 s).  Figure 8 shows 
the m/z 137 to m/z 136 ratio (Rsci) as a function of reaction delay time for SCI mass spectra 
acquired at a pressure of 3.5 x 10-8 torr for both α-pinene () and camphene (). Also, shown in 
Figure 8 are the SCI modeling results (dashed line for α-pinene and solid line for camphene). 
Details of the SCI modeling approach are discussed in the next section. Experimental results 
showed that camphene was more reactive than α-pinene toward SCI; this is consistent with our 
previous GC/FT-ICR MS results on SCI based differentiation of α-pinene and camphene [1]. At 
short reaction delays (t < 15 s), the α-pinene SCI mass spectra showed higher abundance of 
association ion-molecule product ions (at m/z 217 and 273) than camphene (for example, see 
Figure 5b). On the other hand, the camphene SCI mass spectra showed major SCI ions at m/z 81 
and 137; the association product ions at m/z 217 (m/z 81 with camphene) and m/z 273 (m/z 137 
with camphene) appeared at longer reaction delay times (t  > 50 s).
SCI Modeling Procedure:
A one step (scheme 1, equation 4) and a two step (scheme 2, equation 5) type pseudo first order 
irreversible exponential decay kinetic schemes were used to calculate the low mass resolution 
m/z 137 to m/z 136 ratio (Rsci, equation 9). Calculations were carried out for fragment and parent 
ions to model α-pinene and camphene SCI as a function of pressure (P) and ion-molecule
reaction delay time (t). The modeling was performed using Microsoft Excel (Microsoft Office 
2003).
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To reduce the computational complexity, we classified the peaks in the mass spectrum 
into two main categories, viz., all observed fragment ions as one fragment ion fraction (F0) and 
the molecular ion fraction (M0) the other category. The values for F0 (ΣFi at t = 100 ms) and M0
were assigned from the FT-ICR (24 eV, detected 100 ms after the EI event) mass spectral peak 
abundances; total of the two ion population fractions makes up 100% of the observed ions in the 
mass spectrum (i.e., F0 + M0 = 1.0).
Each fragment ion either has two or three components or reaction channels. Namely, a 
proton transfer reactive fraction (Rp) to give protonated terpenes at m/z 137 (P137(t), equation 4), 
a charge exchange reactive fraction (Rc) to yield terpene molecular ions at m/z 136 (M136(t),
equation 6), and an unreactive component (1- Rp - Rc). The kinetic results obtained on the study 
of the ion-molecule reactions of m/z 93 and m/z 121 were used as a guide to assign reasonable 
starting values to Rp and Rc, the proton transfer (kp) and charge transfer (kc) rate constants. An 
iterative process was then used to vary the initial values to improve the match between the 
experimental results and model predictions. The best fit values for all kinetic parameters
obtained in our modeling are shown in Table III and are in general agreement with experimental 
results shown in Table I.
In the 24 eV EI mass spectra of α-pinene (see Figure 5a) and camphene (e.g., Figure 4a 
in reference [1]), m/z 93 is the base peak and  m/z 121 is less abundant. The MS Excel
calculations (equation 4-9) were formulated in terms of reaction time constants as input (e.g., τx
in equations 4-9). The pseudo first order time constants τp and τc for proton and charge transfer 
reactions were calculated at a specified terpene pressure reading using equation 3 at an ICR cell 
temperature of ~ 23° C. The appropriate chemical sensitivity (9.0 for both α-pinene and 
camphene) and pressure geometry (g = 0.55) factors were used to correct the experimental value 
for the pressure before using it in the model. Equations 4-9 were used to calculate contributions 
to m/z 136 and 137 from F (i.e., all fragment ions) and M (i.e., molecular cations) population 
fractions. For example, the yield of m/z 136 from the fragment ions was calculated using
equation 7. In part A of this series [2], we showed that the molecular ions of α-pinene do not 
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yield significant amount of SCI product ion at m/z = 137. It was observed that the molecular ions 
of camphene produced SCI product ions only via an intermediate reaction channel (136.+* ?  94.+
?  137+) [2].
The camphene molecular ion had a metastable component (Rm = 0.68) with a time 
constant (τu = 20 s) to yield m/z 94 as the major product ion. The metastable product ion at m/z 
94 reacted with camphene at a rate of 1.7 x 10-9 cm3 molecule-1 s-1 to give protonated camphene 
at m/z 137 [2]. The yield of m/z 94, I94(t), is calculated using equation 7. The total yield of m/z 
137 was calculated using equation 8 that includes the 13C1 isotopomer contribution from m/z 136 
(0.11 abundance of m/z 136). The term [M0 – M136(t) - I94(t)] in equation 8 is the yield of m/z 
137 produced from m/z 136 of camphene. The terms {M136(t) and I94(t)} represent the relative 
abundance of m/z 136 and m/z 94 at any time, respectively. A summary of the values for all 
parameters used in the Rsci calculation is provided in Table III.
P137(t) = Rp*F0*(1- exp(t/τp)) (Equation 4)
I94(t) = Rm*M0*[exp(t/τu) – exp(t/τp94)]*τp94/( τu – τp94) (Equation 5)
M136(t) = Rm*M0*[1- exp(t/τu)] (Equation 6)
C136(t) = Rc*F0*[1- exp(t/τc)] (Equation 7)
Pt137(t) = 0.11*M136(t)  + I137(t) + [M0 – M136(t) - I94(t)] (Equation 8)
Rsci(t) =  [Pt137(t)]/[ M136(t) + C136(t)] (Equation 9)
Figure 8 shows the experimental (, ) and modeling (-----, ⎯⎯) Rsci(t) results for α-
pinene and camphene SCI, respectively. The uncorrected ion gauge pressure reading of 3.5 x 10-8
torr was corrected for chemical sensitivity and geometry factor to construct the modeling plots 
shown in Figure 8. Both experiment (, ) and modeling (-----, ⎯⎯) clearly show that α-
pinene undergoes SCI less readily than camphene as monitored by Rsci(t). In addition, the 
agreement between experiment and modeling is excellent. Additional set of experimental data at 
experimental camphene and α-pinene pressure of 7.0 x 10-8 torr confirmed the validity of the 
SCI model (data not shown in Figure 8). Our model did not include condensation, association 
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and other ion-molecule reaction channels that may alter marginally the m/z 136 and m/z 137 
abundances. Hence, at longer reaction delays (> ~ 15 s), the SCI model used here predicted 
smaller camphene Rsci values compared to the experimental data. 
CONCLUSIONS
The degree of α-pinene and camphene SCI depended on a number of factors, viz., electron 
energy, reactant ion reactive fractions, ion acidities, neutral proton affinities, reagent pressure, 
reaction time, whether the ions are “hot” or “cold”. These governing factors are all interrelated to 
each other. The excited state acidity of a precursor ion plays a major role in determining the rate 
of observed SCI. In principle and by considering the important physical processes that influence 
gas-phase product distribution [20, 21], starting with the EI mass spectrum, one could calculate 
an SCI mass spectral pattern.
FT-ICR MS can be used to differentiate GC eluted α-pinene and camphene isomers in 
real time [1].  Ground and excited states of terpene isomers exhibit different reaction rates for 
self-chemical ionization and unimolecular decay. Ion thermalization is an important
consideration in ICR to ensure reliable thermochemical and kinetics data interpretation.
In future work, we will perform energy resolved and SORI collisional activation
experiments on the mixed association protonated species (e.g., protonated camphene with pyrrole 
and protonated pyrrole with camphene reactant combinations) to gain insight into the nature of 
the proton transfer potential energy surface (PES). The proton affinities of camphene and α-
pinene are comparable. Thermokinetic method of Bouchoux [13] and FT-ICR equilibrium proton 
transfer experiments combined with ab initio calculations should provide more accurate proton 
affinity values. Based on our experimental results, the proton affinities of camphene and α-
pinene are conservatively estimated to be within the range ~ 210 ± 2 kcal mol-1. Using a model 
that considered various reaction channels of  the parent and fragment ions, SCI characteristics of 
α-pinene and camphene was computed as a function of pressure and ion-molecule reaction delay 
time; the modeling results agreed with the experimental findings.
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FIGURE CAPTIONS
Figure 1. Temporal plots showing reactions of (a) α-pinene and (b) camphene fragment ions at 
m/z 93 with their respective parent neutrals at P = 4.7 x10-9 and 4.8 x10-9 torr, respectively. The 
reaction of α-pinene m/z 93 () with α-pinene yielded product ions at m/z 81 (), m/z 136 
(molecular cation, ? ), m/z 137 and 138 (protonated α-pinene, ) and others (a number of low 
abundance product ions at m/z 93, 95, 121 and 161 summed together as ).  The reaction of 
camphene m/z 93 () with camphene yielded produc t ions at m/z 137 and 138 (protonated 
camphene including its 13C1 isotopomer, ) and m/z 81 ().
Figure 2. Temporal plots showing reactions of (a) α-pinene and (b) camphene fragment ions at 
m/z 121 with their respective parent neutrals at P = 5.0 x10-9 torr. The reaction of α-pinene m/z 
121 () with α-pinene yielded only product ions at m/z 137 and 138 (protonated α-pinene, ).
The reaction of camphene m/z 121 () with camphene yielded product ions at m/z 137 and 138 
(protonated camphene including its 13C1 isotopomer, ), m/z 81 ( ) and m/z 257 ().
Figure 3. Estimating the proton affinity (PA) of α-pinene from the linear regression plot of 
adiabatic IE vs. PA for alkenes: adiabatic ionization energies and proton affinities for labels 2 (α-
pinene), 5 (α-methylstyrene), 10 (styrene), 13 (methylenecyclopentane), 15 (i-butene) and 17 
(propene) are provided in Table II.
Figure 4. Temporal plots for proton transfer reaction of protonated camphene (m/z 137, ) with 
neutral N,N-dimethylformamide (NNDMF) to yield protonated NNDMF at m/z 74 () and an 
association product ion at m/z 147 (, the protonated dimer of NNDMF). Note the unreactive 
protonated camphene component and the formation of proton bound dimer of NNDMF (). The 
neutral pressure was 4.4 x 10-9 torr.
Figure 5. Plots showing: (a) 24 eV mass spectrum, (b) SCI mass spectrum, and (c) cleanly 
isolated m/z 138 (i.e., 13C1C9H17
+) of α-pinene. The peak at m/z 137 (~ 15% abundance of m/z 
136, M.+) in (a) contains ~ 75% 13C1 M
.+ and ~ 25% [M + H]+ SCI product. Note the formation 
of high mass ions at m/z 217 and 273, persistence of the molecular ion, M.+, at m/z 136 and the 
low abundance of m/z 138, 13C1 [M + H]
+, in (b).
Figure 6.  (a) Temporal plots for proton transfer reactions of "hot" (a) 13C1 protonated α-pinene
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(m/z 138, ) with neutral camphene (MW = 136 amu) to yield product ions at m/z 121 (), m/z 
137 (, protonated camphene), m/z 217 () and m/z 273 ([2M + H]+, )  and (b) 13C1
protonated camphene (m/z 138, ) with neutral α-pinene (MW = 136 amu) to yield protonated 
α-pinene at m/z 137 () . SWIFT isolation (of m/z 138) was 0.6 s after the EI event in Figures 
6a and 6b.
Figure 7. A temporal plot of proton transfer reaction for “cooled” 13C1 protonated α-pinene (m/z 
138, ) reacting with neutral camphene to yield protonated camphene at m/z 137 ()  SWIFT 
isolation (of m/z 138) was ~ 37 s after EI event. Ions were collisionally cooled with neutral α-
pinene at 1 x 10-6 torr for 10 s prior to ion isolation.
Figure 8. Experimentally observed (, ) and modeling prediction (___, ….) for the temporal 
evolution of m/z 137: m/z 136 SCI ratio for α-pinene and camphene SCI, respectively, at a 
pressure of ~ 3.5 x 10-8 torr.
TABLES
Table I. Summary of Kinetic Data for Ion Molecule Reactions
Table II. Literature Thermochemical Data Used in This Work
Table III. List of Parameters and Experimental Values Used to Model SCI
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